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Abstract 
 
In the last half-century, scientific evolution allowed humanity to reach important goals; probably 
the highest impact factor is related to bio-medical conquests, but the acquired knowledge in physics, 
chemistry and in material science for sure produced several devices which radically changed 
humanity life-style. Among all, electronics and electronic devices are deeply present in humanity 
ordinary life and in its new habits. However, an increased interest in scientific research recently 
rose due to some global problems and challenges that humanity has to face. 
The high energy demand characterizes Modern Age, and the rapid economic evolution of some 
areas of the World have caused (and continue to cause) social instability and tension at global level. 
For this reason, scientific research is focusing more and more on the development of solar devices 
able to store or eventually manipulate solar energy in other energetic vectors. Interest around solar 
energy is related to three considerations: basically, it is (i) abundant all over Earth’s surface, (ii) it is 
uniformly distributed, and (iii) Nature already offers some examples from which it is possible to 
take inspirations. 
Natural Photosynthesis is a process (or better a sequence of processes) which has been deeply 
understood after decades of basic research; this is also the most well-known example of solar light 
conversion operated from living beings (mainly vegetables) into a new energetic vector 
(carbohydrates) starting from simple and abundant raw materials (water and carbon dioxide). 
Material Science is particularly involved in the design of novel materials able to emulate natural 
photosynthesis and/or perform similar processes; water splitting has a prominent role because its 
decomposition in molecular hydrogen and oxygen offers the possibility to produce two precious 
chemical species. Hydrogen is currently the most credited candidate for the substitution of petrol 
and its derivatives as energetic vectors, while oxygen has basilar importance for life in our planet; 
moreover, water is extremely abundant on the Earth’s surface (almost 69% of the surface is covered 
from water), thus it is an easy-accessible raw material. 
The present thesis work roots in the points discussed in this preface; the primary target is the design, 
realization, characterization and test of novel materials able to act as artificial photosynthetic units. 
During the design of the materials, it was chosen to privilege the realization of organic/inorganic 
nanohybrids in order to have materials possessing huge surface area; moreover, the design of hybrid 
materials would imply the use of molecular building blocks, which could be easily realized with 
well-established chemical procedures. 
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Preliminary work was necessary for: 
 the determination of an appropriate class of chromophores able to trap solar light and induce 
the activation of another unit able to perform the catalytic process. Starting from 
chromophore molecules already known in the literature, new molecules would be designed 
and synthesized in order to possess the necessary characteristics emerging from the hybrids 
design process 
 the choice of an appropriate catalytic unit, so to be combined with the chromophore units 
and realize the final dyad to be used in the catalytic tests. 
 
During the development of the thesis, perylene derivatives were chosen as potential 
photosensitizers, on the base of an interesting combination of physical and photochemical features 
(deeply discussed in Chapter 2). Particular attention was given to water-soluble molecules because, 
if the final target would be water splitting process, it would be worthy to have the possibility to use 
water both as reagent and reaction medium. 
Perylene chemistry was deeply scanned, and several derivatives were isolated in order to gain 
experience on this family of photosensitizers; classical reported procedures were employed, but also 
novel strategies were tested (Chapter 4). The main part of the laboratory work concerned the 
characterization of novel dyads based on the combination of PBI2+, one of the isolated 
chromophores, and two different catalytic species: (i) Ru4POM, tetra-ruthenate molecular 
polyoxometalate for performing water splitting in homogeneous conditions and later for the 
formation of a three-component hybrid system for electrocatalytic studies (Chapter 5-6); (ii) iridium 
oxide nanoparticles for the preparation of photoelectrochemical cells (Chapter 7). 
The expertise gained with perylene derivatives allowed to develop other parallel projects not 
directly related to energetic applications; a detailed study over perylene diimides as SERS reporters 
is described in the final part of this thesis (Chapter 8). 
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Riassunto 
 
Negli ultimi 50 anni, l’uomo ha attribuito un valore crescente alla ricerca scientifica in quanto 
strumento di innovazione e di evoluzione tecnologica. La Scienza è diventata uno strumento in 
grado di migliorare la qualità di vita dell’uomo portando svariate migliorie, ma anche di cambiare 
radicalmente il suo stile di vita a seguito di scoperte e di strumenti sconosciuti prima di allora. Il 
progresso tecnologico, la crescita della popolazione mondiale e delle sue esigenze ha causato degli 
squilibri nel nostro pianeta, dovuti soprattutto and una non omogenea distribuzione delle risorse, in 
primis quelle energetiche. Dunque, il ruolo della ricerca scientifica contemporanea ha assunto 
un’ulteriore valenza, quello di appianare gli squilibri sociali ed economici del pianeta. 
La ricerca di nuove risorse energetiche, o di vettori nei quali conservare l’energia, è uno dei campi 
scientifici più fertili; in accordo con le ultime tendenze, massima importanza è riposta nelle 
tecnologie in grado di convertire l’energia solare e renderla disponibile sotto altre forme più 
pratiche (procedure di storage più semplici) o più facilmente manipolabili. La scelta di sfruttare 
l’energia solare si basa su alcuni presupposti logici: (i) abbondanza, (ii) distribuzione pressoché 
uniforme dell’energia solare sulla superficie del pianeta, (iii) esempi disponibili nel mondo naturale 
che possono essere studiati, compresi, migliorati. 
La fotosintesi clorofilliana è sicuramente il processo naturale maggiormente conosciuto; perpetrato 
da una fetta consistente di forme di vita (in particolare del mondo vegetale), permette a queste di 
sfruttare l’energia contenuta nella radiazione solare e trasformare acqua ed anidride carbonica in 
carboidrati (la loro riserva di energia) ed ossigeno. 
Ispirandosi a questo modello, la scienza dei materiali è alla continua ricerca di substrati in grado di 
trasformare la luce solare in altri vettori energetici a partire da sostanze semplici ed ampliamente 
disponibili. La scissione dell’acqua in idrogeno ed ossigeno molecolari è uno di questi possibili 
traguardi; l’acqua è estremamente abbondante sul nostro pianeta (ricoprendone ben il 69% della sua 
superficie), l’idrogeno è un combustibile che promette di sostituire i derivati del petrolio nel 
prossimo futuro, e l’ossigeno è di estremo interesse in quanto fonte stessa della vita sul nostro 
pianeta, almeno nella forma da noi conosciuta. 
Il progetto di ricerca descritto in questa tesi pone le basi su queste premesse. L’obiettivo prefissato è 
stato quello di progettare, realizzare, caratterizzare e testare materiali in grado di attuare processi 
fotosintetici. Durante la fase di progettazione, si è stati costretti a ragionare su quale potesse essere 
la classe di materiali appropriata a tale scopo, e ci si è orientati verso nano-ibridi organici/inorganici 
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per una serie di motivi: (i) le (nano)-dimensioni avrebbero permesso di lavorare con precursori 
molecolari e pilotare con maggiore facilità la fase sintetica; (ii) questa classe di materiali possiede 
generalmente elevate aree superficiali; (iii) l’uso di materiali organici ed inorganici avrebbe 
permesso di scegliere building blocks che potessero offrire ciascuno le caratteristiche migliori della 
loro classe di appartenenza. 
Il lavoro di tesi si è dunque articolato in due sezioni fondamentali: 
 determinazione di una classe appropriata di cromofori capaci di catturare efficientemente la 
luce solare ed attivare una specie catalitica ad essi accoppiati. Relativamente a questo 
punto, scopo non secondario è stato quello di sviluppare nuovi cromofori rispetto a quelli 
attualmente riportati nella letteratura scientifica e/o sviluppare nuovi protocolli di sintesi 
capaci di migliorare rese ed efficienza dei processi attualmente noti 
 scelta di una appropriata specie catalitica e sviluppo dei materiali ibridi contenenti il/i 
fotosensibilizzanti e il/i catalizzatori; una volta isolata la potenziale diade, si sarebbe 
proceduto con la fase di monitoraggio dell’attività fotocatalitica del nuovo materiale. 
 
Nello sviluppo di questo progetto, i derivati peilenici sono stati scelti quali potenziali 
fotosensibilizzanti in virtù di una interessante combinazione di caratteristiche elettroniche e 
chimico-fisiche (approfonditi nel Capitolo 2), ed in particolare ci si è concentrati su composti 
solubili in acqua. Quest’ultimo dettaglio non è da sottovalutare in quanto, nell’ottica di effettuare i 
test finali di scissione ossidativa dell’acqua, l’uso di composti idrofilici avrebbe permesso di 
utilizzare al contempo l’acqua quale reagente e mezzo di reazione. Prima giungere a questa fase, la 
chimica dei perileni è stata scandagliata a fondo, e vari derivati sono stati isolati e caratterizzati 
utilizzando protocolli di sintesi sia classici che innovativi (Capitolo 4). La parte centrale del lavoro 
di tesi ha riguardato lo studio delle diadi costituite da uno dei perileni isolati (PBI2+) e due diversi 
catalizzatori: (i) Ru4POM, catalizzatore molecolare a base di rutenio, testato per esperimenti sia in 
fase omogenea che per la realizzazione di un ibrido tri-componente per futuri studi di elettrocatalisi 
(Capitoli 5-6); (ii) nanoparticelle di ossido di iridio per la preparazione di fotoanodi da applicare in 
celle fotoelettrochimiche (Capitolo 7). 
La confidenza acquisita coi derivati perilenici ha permesso di sviluppare anche progetti paralleli che 
non riguardassero applicazioni in ambito energetico; un dettagliato studio di perileni bisimmidi 
quali SERS markers è trattato nella parte finale di questa tesi (Capitolo 8). 
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Chapter 1 
Hybrid materials 
 
1. Hybrid materials: generalities and classifications 
The term “hybrid material” is used for the definition of a wide range of materials; they consist in 
two or more constituents at nanometer or molecular level. They are different from the traditional 
composites, meaning that one component is mainly an organic material and the other one inorganic. 
Even if commonly used as synonymous, the materials named as nanocomposite are characterized by 
at least one of the structural units, either the organic or the inorganic (but mainly the second one), 
which belongs to the size range of 1–100 nm.[1] The definition of hybrid material implies the use 
molecular precursors for coordination of the final inorganic unit (for example in sol-gel reactions) 
while for the nanocomposites it is not needed; the most important distinction between a 
nanocomposite and a hybrid material is that the hybrid is not only the sum of the already present 
properties of the constituent units, but new features appear and exist till the hybrid maintains its 
individuality.[2] 
Among all the possible hybrid materials, a further distinction is generally accepted and divides the 
hybrids in: 
- Class I hybrid materials, characterized by weak interactions between the two components 
(Van der Waals and/or electrostatic interactions, etc.).[3] To this class belong blends, 
heterogeneous materials resulting in the combination of inorganic clusters or particles with 
organic polymers. Typically these materials are characterized from the absence of any 
strong interaction among the two components (i.e. covalent bonds); some examples are 
offered by organic polymeric matrices which incorporate discrete inorganic moieties 
through which weak interactions,[4] or materials in which the inorganic components are 
totally isolated in a cross-linked polymer matrix.[5] If the inorganic and organic networks 
interpenetrate each other without strong chemical interactions, so called interpenetrating 
networks (IPNs) are formed,[6] i.e. in sol–gel materials. 
 
- Class II hybrid materials, which present strong chemical connections linking the 
constituents. These materials are formed when the discrete inorganic building blocks, e.g. 
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clusters, are covalently bonded to the organic polymers, or inorganic and organic polymers 
are covalently connected with each other.[7] 
 
In between the two classes, a wide range of borderline materials exist, where different typologies of 
interactions can take place. Sometimes, the strength of the interaction can be different from 
expectations, and the classic definition of strong/weak interactions result inappropriate; for example 
π-π interaction, which is generally a weak interaction, can become responsible, for example, of the 
exceptional mechanical properties of graphite.[8] 
 
         
Figure 1.1. Schematic representation of some categories of hybrid materials 
 
The large variety of hybrids suggested from time to time to introduce other criteria in order to 
immediately distinguish materials belonging to the same class but with radically different 
properties; thus, a common way for further operating a classification of the hybrids takes in account 
the nature of the building blocks employed in the construction of the material. For example, an 
organic structural unit presenting on the molecular skeleton moieties able to create further 
interactions with the inorganic component (e.g. trialkoxysilanes) is classified as a network modifier, 
because the inorganic network is modified from the organic groups in a new lattice; other 
compounds incorporate a reactive functional group which can be used for post-functionalization of 
the hybrid, and in this case we deal with network functionalizer.[9] Moreover, if two or three of such 
anchor groups modify an organic segment, resulting materials will keep the inorganic group as an 
integral part of the hybrid network; the latter type of system is known as network builder.[10] 
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2. Synthetic strategies 
Several strategies have been implemented for the preparation of hybrid materials in order to test 
their processability, the simplicity of the preparation protocols and their economic sustainability. 
For a clear view of all the results already present in literature, it is needed to make a classification in 
which hybrids will be organized taking in account the evolution occurring to the single units from 
the beginning of the process till the end. 
 
     2.1 Building blocks generation 
This synthetic approach is characterized by the use of pre-synthetized defined building blocks, 
which react one each other to form the final hybrid material. In these syntheses, the precursors 
partially keep their original molecular integrity, thus structural motifs which characterize the 
original components are still present in the final material. In general, this approach leads to Class I 
hybrids, where employ of weak interactions interconnect the single individual components in the 
new material. An example is given from modified inorganic clusters or nanoparticles with attached 
reactive organic groups. Cluster compounds often consist of at least one functional group that 
allows an interaction with an organic matrix, for example by copolymerization.[11] Depending on 
the number of groups that can interact, these building blocks are able to modify an organic matrix 
(one functional group) or form partially or fully cross-linked materials (more than one group). 
 
     2.2 In situ generation 
This strategy is characterized by the loss of components individuality. In general, one or both 
structural units are formed from precursors that are transformed into a novel structure (network).[12] 
Contrary to the building block approach, the in situ formation of the hybrid materials proceeds 
through chemical transformation of the precursors. This strategy is typically used for the production 
of organic polymers and for the production of the inorganic component in the sol–gel process.[13] In 
these cases, molecular discrete objects are transformed in multidimensional structures with radically 
different properties from the original precursors. The process is generally very sensitive to reaction 
condition, and the control over all the process is mandatory; changing one parameter can often lead 
to very different materials. 
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     2.3 Comparison between the different strategies 
Comparing the two approaches, even if each one brings to different materials with their own 
properties and potentials, the building block approach has the relevant advantage of maintaining 
unaltered the properties of at least one structural unit (the building block). This can lead to an easier 
structure–property prediction, and eventual optimization of the synthetic procedure. Furthermore, 
building blocks can be designed in such a way to give the best performance in the materials 
formation; for example, good solubility of inorganic compounds can be reached by the insertion of 
appropriate functional groups, so that the mixing process for the construction of the final hybrid 
with an organic counterpart can be easily performed. 
 
 
Figure 1.2. Comparison between the two different synthetic strategies  
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3. Hybrid materials chemistry advantages 
The most evident advantage of inorganic/organic hybrids over traditional materials is the possibility 
to combine a large variety of simple basic units for the construction of more complex 
multifunctional architectures. The design work reveals to be relatively easy because, in principle, 
what is needed to focus on is the functional motifs we desire the novel material to have, to choose 
the inorganic/organic cores able to interact and perform the requested function, and to introduce on 
them the chemical groups needed for enable the interaction of the so-designed building blocks in a 
kind of LEGO© approach.[14] 
Probably the most intriguing features of hybrid materials chemistry are the possibility to combine 
properties of organic and inorganic components in one material, to overlap the limits imposed from 
their respective chemistries, and the easy processing of the hybrids. In general, inorganic solids 
require high temperature treatment for their processing, while hybrid materials show a polymer-like 
handling, due to their large organic fraction content or for the cross-linked network of the material 
which makes its behaviour more similar to polymers. 
Due to the fact that hybrid material chemistry obtains more interest for the design of materials for 
electronics and surface applications, the polymer-like nature makes them economically attractive. 
This procedure is generally employed for scratch-resistant coatings with hydrophobic or anti-
fogging properties,[15] anticorrosion coatings,[16] in heterogeneous catalysis.[17] Another interesting 
field is medicinal chemistry because hybrid materials can also be employed as drug delivery system 
(the drug is more protected from degradation phenomena if assembled in the hybrid instead of being 
an isolate molecule)[18] or to specifically deliver the active drug to a specific receptor site. 
Another important subject is the formation of smart materials, such as materials reacting to 
environmental changes or switchable systems, which can be efficiently used for the development of 
novel technologies, for example electroactive materials,[19] electrochromic materials,[20] sensors and 
membranes, bio-hybrid materials.[21] The close proximity of their application in real devices is also 
supported from the elevate number of patents involving hybrid materials for solid-state lithium 
batteries[22] or supercapacitors,[23] proton conducting membranes used in fuel cells,[24] 
nanocomposite-based devices for electronic and optoelectronic applications including light-emitting 
diodes,[25] solar cells,[26] gas sensors[27] and field effect transistors.[28] 
The desired function can be delivered from the organic or inorganic or from both components. To 
this regard, one of the advantages of hybrid materials is that functional organic molecules as well as 
biomolecules often show better stability and performance if introduced in an inorganic matrix. 
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Moreover, hybrids tailoring process takes advantage of the same nature of hybrid materials. 
Properties such as solubility (or better hydrophilicity/ hydrophobicity) of the material can be 
modified by simple changes of the relative ratio of the building blocks employed during the 
synthesis. Otherwise, it is possible to exchange or introduce functional groups directly on the 
molecular scaffold of the starting units. Classical chemical pathways cannot be completely avoided 
in this case, however the advantage related to hybrids’ chemistry is evident because of the new 
opportunities provided from the novel supersystems. 
 
 
Figure 1.3. Hybrid materials most promising application fields 
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4. Hybrid materials and inspiration from nature 
Interest in hybrid materials arises from the attempts to imitate nature and produce artificial 
architectures derived from biological ones. Many natural materials consist of inorganic and organic 
building blocks distributed on the nanoscale. Most of the natural cases involve an inorganic part 
which provides mechanical strength while the organic part creates the boundary between the 
inorganic building blocks and/or the soft tissue.[14] Typical examples of such materials are bones 
and nacre. Biological systems are the most evident example of how supramolecular chemistry and 
hybrids can generate complex apparatuses, nevertheless the growth of scientific knowledge and the 
improved comprehension of natural phenomena, some mechanism are still so far to be reproduced 
in laboratory scale. Despite the difficulties, Nature remains source of inspiration for the 
development of novel materials.[29] One of the most important example is the solar energy 
conversion through the natural photosynthetic pathway and the development of artificial 
photosynthetic systems. 
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5. Natural Photosynthesis 
The technological evolution of light harvesting devices is one of the most important issue for a new 
“greener” future for humanity and overcoming the global energy crisis. The growth of human 
population generates continuous challenges for scientific research which has to answer in short 
times to urgent delicate problems, one above all the need of alternative and sustainable sources of 
energies for counterbalancing the continuous increase of humanity energetic demand.[30] Advances 
in chemistry are important for the setup of new dyes/sensitizers and for testing new donor/acceptor 
couples, in order to improve from one side light-harvesting properties, and on the other one the 
power conversion efficiency (PCE) of the devices. During the last 20 years, a huge effort has been 
produced from the scientific community for attaining highly efficient solar cells.[31] Polymer solar 
cells (PSCs) continues receive considerable attention because of several practical advantages, such 
as low cost, light weight, solution processability and flexibility;[32] on the other hand, PCE values 
need to be improved for future commercial applications and new approaches could eventually offer 
fascinating alternatives. 
 
                   
Figure 1.4. From left to right, evolution in the construction scheme of PSCs in the last 20 years 
 
Despite inorganic semiconductors with narrow band gaps have been widely tested,[33] research is 
evolving towards emulation natural photosynthetic systems, because of the high demand of cleaner 
forms of fuels. One of the newest and more promising approach lies in the employ of 
organic/inorganic hybrids or supramolecular organic species which require simple molecular 
building blocks interacting by the mean different typologies of interactions.[34] 
Supramolecular approach have become significantly important in different sciences (such as surface 
science) for the possibility to combine with simple methodologies small molecular building blocks 
in novel materials with features provided from the original starting materials, but also new ones. 
Moreover, the tuning of the final material properties is simpler than in other approaches because 
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modifications can be done on the starting building blocks, on a molecular scale instead of the 
massive final material. 
The development of an artificial photosynthetic system for solar fuel production is one of the most 
challenging problems, because the whole system has to be both highly efficient and stable.[35] In 
analogy with the natural photosynthetic systems, artificial ones have to collect light energy, separate 
charges, transport and accumulate electrons or holes in catalytic sites capable to drive multi-electron 
redox processes (e.g., water splitting, with formation of molecular oxygen on the oxidative side and 
molecular hydrogen on the reductive side).[36] Looking at the natural system, it can be figured as the 
combination of some fundamental units: 
 a light harvester, able to accumulate solar light energy and direct towards a reactive centre; 
 a reaction site, which generates a separation of charges and directs electrons and holes to 
other components; 
 reductive and oxidative co-catalysts, the catalytic part of the system, able to reduce CO2 to 
carbohydrates and H2O. 
 
From the natural example it is evident that a functional artificial photosynthetic apparatus has to 
possess light-absorbing chromophores, acting as excited-state electron donors, and additional 
electron acceptors[37] able to produce a sequence of light-induced energy- and electron-transfer 
reactions.[38] Furthermore, all the functional units have to be thoroughly aligned to transfer the 
electron to the next component, but they have to possess a certain reciprocal distance in order to 
prevent or minimize fast charge recombination phenomena.[39] 
 
 
Figure 1.5. Conceptual scheme for an artificial photosynthetic system. Adapted from reference [36] 
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The aforementioned schematization opens the discussion around a real challenge in which hybrid 
materials approach can be the solution to the problem: a multifunctional system that can be 
rationally divided in simple building blocks, and their ordered assembly can produce a 
hierarchically-organized functional superstructure able to emulate the natural one. In natural 
photosynthesis, membranes provide the tailored environments in which the various subunits 
assembly in structurally-organized and functionally-integrated supramolecular arrays, for 
orchestrating the complicated chemical reactions sequences in a profitable way. From the synthetic 
viewpoint, very interesting integrated assemblies of specific subunits have been prepared by using 
covalent linkages. Hybrid architectures for artificial photosynthesis and the production of solar fuels 
have been generally conceived as an array of organic sensitizers linked to multi-redox inorganic 
cores.[40] The covalent design of such photocatalytic dyads guarantees a stringent molecular control 
on the resulting photo-induced electron transfer (ET) in terms of acceptor-donor bond distance and 
geometry. These fundamental studies have provided some key information on photo-induced charge 
separation and on its fate; however, true progress towards multi-turnover photosynthesis under 
artificial environment is still waiting for a turning point. Indeed, the covalent strategy, although 
quite useful to obtain systems suitable to investigate mechanistic details and potentially useful for 
applications, is not what Nature has used to tune the perfect mechanism of the photosynthetic 
complexity, which is ultimately based on modular units and non-covalent supramolecular networks. 
In this perspective, a recent breakthrough is the shaping of the catalytic interface through non-
covalent associations, including hydrophobic and/or electrostatic interactions.[41] An efficient light 
harvester interacting with suitable reduction and oxidation co-catalysts is the key for high efficiency 
of artificial photosynthetic systems.[42] 
Among several classes of organic molecular dyes with wide absorption in the visible light range, 
porphyrins and phthalocyanines have been extensively tested due their structural analogies to 
chlorophyll in the photosynthetic system. [43] These extended π-electron conjugated scaffolds have 
characteristic absorption maxima shifted towards longer wavelengths, which results in an improved 
light harvest capability due to the better matching the solar spectrum.[44] However, their complex 
chemistry and the lack of stability of these system operative conditions suggested to find different 
alternatives. For long time, ruthenium chemistry was considered an attractive field, and several 
photosensitized were developed and deeply investigated from the photochemical point of view, 
ranging from complexes with one or more ruthenium centres. Some of the most important features 
that made successful ruthenium complexes (mainly ruthenium polypyridine compounds) are elevate 
molecular extinction coefficient for visible light, strong luminescence intensity, stability towards 
redox processes and long excited-state lifetime.[45] The prototype compound [Ru(bpy)3]
2+ 
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(bpy=2,2’-bipyridine) has certainly been one of the molecules most extensively studied and widely 
used in research laboratories during the last 30 years.[46] 
There are several successful examples of Ru-compounds used for photocatalysis,[47] the most 
relevant applications were as photosensitzers for artificial photosynthesis, with particular attention 
to the oxidative half-process. Relevant applications are already reported in homogeneous systems, 
for example in combination with IrO2 nanoparticles,
[48] and also in heterogeneous phase;[49] 
moreover, some novel Ru-complexes have been developed with modified ligands which act as 
reservoir for Ru-triplet state energy.[50] Probably, one of the most interesting and successful 
combination has been with a molecular tetra-ruthenated polyoxometalate, namely Ru4POM,
[51] as it 
can be appreciated from the literature produced up to now on this special couple.[52] 
In the recent years the attention of the scientific community over new possible candidates rapidly 
increased for bypassing some limits of ruthenium chemistry, and more in general transition metal 
complexes chemistry. These limits concern photolability of the complexes after several 
photocatalytic cycles, thermal instability and the cost of the metal sources. Organic compounds are 
nowadays considered a promising alternative because several classes of chromophores possess good 
performances under photo- and electrochemical viewpoints, and their synthesis is cheaper. Among 
these, perylenes attracted the attention for a series of interesting features, which can be summarized 
in a few words: stability, efficiency, economical convenience. Several works have already appeared 
in the literature, proving the potentialities of perylene diimides as photosensitizers in water 
oxidation process;[53] a relevant step further in the direction of artificial photosynthesis employing 
perylene derivatives have been presented from the equipe of Prof. M.R. Wasielewski. Using two 
hybrid systems based on perylene chromophores, they afforded O2 and H2 production under 
photocatalytic regime. 
 
                       
Figure 1.6. Structure models of the compounds presented in reference [54] 
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In the oxidative process,[54] asymmetric perylene diimides were designed to act as ligands into an Ir-
complex specie; for instance, photoexcitation promoted electron transfer from Ir to PTCDI core in 
less than 10 ps (reductive quenching of the photosensitizer), while charge recombination is strongly 
dependent on solvent polarity. Experimental data revealed that the excited state of PTCDI is a 
singlet (energy ca 2.2 eV) and the formation of the triplet was hampered by fast reaction of the 
singlet state with the Ir-centre. The existence of the PTCDI(·-) specie was monitored by transient 
absorption spectroscopy at 725 nm, where the typical spectral features were localized.  
Even if the work didn’t present a complete photoactivated cycle (no use of sacrificial agents in the 
experiment) and they continue to deal with transition metal complexes in the end, it is an interesting 
proof-of-principle which underlines the strong oxidative character of PTCDIs excited state, which 
can be profitably used for water oxidation applications. Recently, the same research unit presented 
1-D nanofiber composites of perylene monoimides for visible-light-driven hydrogen evolution from 
water;[55] this work can be considered as complementary to the aforementioned one, and underlines 
the versatility of perylene compounds. Moreover, the work of Wasielewski et al. offers the 
perspective to assembly the final photocatalytic cell using a limited number of compounds, 
produced starting from similar precursors. Another important step towards a definitive artificial 
photosynthetic assembly. 
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6. Conclusions 
Hybrid materials appear to be a possible alternative to fully organic or inorganic matter. They 
represent a compromise but also a crossing point between two faces of Chemistry radically 
different. The intimate connection between the fundamental units and the possibility to employ a 
large variety of building blocks are the strongest advantages of this approach. 
Besides the complex properties they show, they represent an unique category of compounds and 
offer the intriguing perspective to be an easy way for the production of complex superstructures 
starting from molecular building blocks. The interaction of the components is based on a large 
variety of forces which allow to tune the structural and electronic properties of the final material. 
The non-covalent approach for the synthesis of the hybrid materials appears the most versatile and 
is inspired from Nature, which usually involves weak forces instead of stable bond for the 
construction of functional supramolecular objects. Since Nature has evolved in millions of years 
and some natural materials possess unique properties that cannot be easily reproduced in the lab, 
efforts of the scientific community are focusing more and more in the production of hybrids which 
can mimicry the natural materials. Artificial photosynthesis remains a hot topic in chemistry and, 
due to the previously mentioned scientific reports, hybrids already have demonstrated that they 
could be the answer to a key problem of humanity, not only from a scientific viewpoint but also for 
social relevance. However, scientists are still at the first steps of a long stairway and there is an 
unexplored universe of possible combinations of photosensitizers and catalysts which has to be 
examined. A so fertile field of research offers to several research equips to be protagonists of a new 
breakthrough. 
In the next Chapter, since it has been already underlined several times that the properties of the 
hybrids are deeply related to the features of the starting molecular objects, the thesis will gradually 
introduce the building blocks chosen for the development of new hybrids with possible application 
in artificial photosynthesis and other fields. 
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[51] A. Sartorel, P. Miró, E. Salvadori, S. Romain, M. Carraro, G. Scorrano, M. D. Valentin, A. Llobet, C. 
Bo, M. Bonchio, J. Am. Chem. Soc. 2009, 131, 16051; A. Sartorel, M. Carraro, F. M. Toma, M. Prato, M. 
Bonchio, Energy & Environmental Science 2012, 5, 5592; A. Sartorel, M. Carraro, G. Scorrano, R. D. Zorzi, S. 
Geremia, N. D. McDaniel, S. Bernhard, M. Bonchio, J. Am. Chem. Soc. 2008, 130, 5006; A. Sartorel, M. 
Bonchio, S. Campagna, F. Scandola, Chem. Soc. Rev. 2013; S. Piccinin, A. Sartorel, G. Aquilanti, A. Goldoni, 
M. Bonchio, S. Fabris, Proceedings of the National Academy of Sciences 2013. 
[52] F. Puntoriero, A. Sartorel, M. Orlandi, G. La Ganga, S. Serroni, M. Bonchio, F. Scandola, S. 
Campagna, Coord. Chem. Rev. 2011, 255, 2594; M. Orlandi, R. Argazzi, A. Sartorel, M. Carraro, G. Scorrano, 
M. Bonchio, F. Scandola, Chem Commun (Camb) 2010, 46, 3152; M. Natali, M. Orlandi, S. Berardi, S. 
Campagna, M. Bonchio, A. Sartorel, F. Scandola, Inorg. Chem. 2012, 51, 7324. 
[53] T. Abe, K. Nagai, S. Kabutomori, M. Kaneko, A. Tajiri, T. Norimatsu, Angew. Chem. Int. Ed. 2006, 45, 
2778; J. Balapanuru, G. Chiu, C. Su, N. Zhou, Z. Hai, Q.-h. Xu, K. P. Loh, ACS Applied Materials & Interfaces 
2014; V. Kunz, V. Stepanenko, F. Wurthner, Chem. Commun. 2014. 
[54] M. T. Vagnini, A. L. Smeigh, J. D. Blakemore, S. W. Eaton, N. D. Schley, F. D’Souza, R. H. Crabtree, G. 
W. Brudvig, D. T. Co, M. R. Wasielewski, Proceedings of the National Academy of Sciences 2012, 109, 
15651. 
[55] A. S. Weingarten, R. V. Kazantsev, L. C. Palmer, M. McClendon, A. R. Koltonow, P. S. 
SamuelAmanda, D. J. Kiebala, M. R. Wasielewski, S. I. Stupp, Nat Chem 2014, 6, 964. 
 
Chapter 2 – An overview on perylenes chemistry 
 
25 
 
Chapter 2 
An overview on perylenes chemistry 
 
1. Perylenes: a short introduction 
The design of a novel hybrid material starts from the analysis of the functions for which it is 
destined. The choice of “appropriate” fundamental units can be done on the base of different 
factors. 
Regarding artificial photosynthesis, among the different units, one of them has to act as antenna 
system; this component has the main function to absorb light (or better as much as possible of the 
sunlight since it will be the final source of energy of the system) and to be able to transfer the 
collected energy to a different subunit, which can be on the same molecular skeleton or to another 
object located close in the space.[1] 
The role of the antenna is played by organic or inorganic chromophores which can be employed for 
the construction of a functional hybrid. Due to the wide use of chromophore molecules as dyes and 
pigments for a large variety of applications, the chemistry of these compounds is widely known. 
Dyes and pigments are classified on the base of chemical constitution, main chromophoric unit, 
physical properties, reactivity and other parameters.[2] 
In the present thesis, the hybrid materials which were isolated were designed around perylene core-
based molecules. The following sections are organized in order to answer to some questions: why to 
choose perylenes for the design of new hybrid materials? Is it possible to apply them for a so 
relevant topic like artificial photosynthesis? The similarities between porphyrins and 
phthalocyanines with chlorophylls make them the appropriate candidates for the development of 
artificial photosynthetic systems, on the other hand different synthetic or stability issues suggest the 
employ of different dyes. Perylenes can overcame the bottleneck related to porphyrins and 
phthalocyanines employ. 
Since structure factors as well as electronic features are important in the choice of the chromophore, 
the next sections will deal with a general view of perylenes chemistry, their continuous increasing 
interest generated on the scientific community on their study, and some concepts regarding 
structural factors and reactivity which will justify the developed synthetic strategies, or the choice 
of certain compounds or the introduction of certain functional motifs.   
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2. General overview on perylene core-based compounds 
Perylene-core based compounds represent a large family of organic molecules used in a wide range 
of applications. In particular, perylenes diimides (PTCDIs), a subclass of perylene molecules, are a 
unique family of n-type semiconductor with excellent chemical, thermal and photochemical 
stability,[3] highly oxidative excited states,[4] and high fluorescence quantum yields,[5] which make 
them suitable for a wide range of applications, from artificial photosynthesis[4, 6] to photocatalysis,[7] 
electronics,[8] sensing,[9] imaging,[10] biological studies,[11, 12] and last but not least as vat dyes and 
pigments in industrial application.[13] Another advantage of PTCDIs lies in the different strategies 
which can be used for the creation of ordered supramolecular assemblies; covalent or non-covalent 
approaches, in which various intermolecular forces such as hydrogen bonding[14] and π-π 
stacking,[15] can be employed. 
The first member of this family of compounds is Perylene (C20H12). It is a polycyclic aromatic 
hydrocarbon (PAH) consisting in five condensed rings which can be naturally found in coal tar. 
First reports about its synthesis and characterization can be traced in 1910 when Roland Scholl et 
al. reported the isolation of Perylene from oxidative coupling of two naphthalene units in peri-
positions.[16] This condensation procedure, afterwards named the Scholl reaction, opened the way to 
new PAHs, and peri-dinaphthalene (or perylene, as far as the contract form became the most 
common) has been one of those. 
 
 
 
Figure 2.1. A) Unit cell for Perylene crystals and B) stacking geometry for two parallel Perylene molecules 
in the crystalline structure, in accordance with Donaldson et al.[17] C) Normalized absorption and emission 
spectra for Perylene in DCM (c = 10-5 M) 
 
As for the majority of PAHs, Perylene solubility remains confined to nonpolar organic solvents. 
The interest of the scientific community around perylene derivatives increased in the years after its 
successful synthesis due to their photochemical features. Basically, they possess high molar 
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extinction coefficient values in the visible region of the spectrum and elevate fluorescence quantum 
yield (φ).[18] Several researches worked on this aromatic core in order to obtain novel derivatives 
with new characteristics, for example improved solubility in polar solvents and aqueous solutions, 
or to tune the photochemical profile and provide new chromophores. However, manipulation of 
perylene core needs harsh conditions and its high toxicity makes it not so useful for several 
applications. The breakthrough in the field arrived with the production of perylene-3,4,9,10-
tetracarboxylic acid dianhydride (PTCDA); it can be considered the second founder of perylene 
derivatives family because of the more accessible chemistry, the wide-spreading employ, minor 
toxicity. The intact interest around this molecule is well represented by the elevate number of new 
scientific articles continuously appearing around it and its direct derivatives. 
Similarly to Perylene, PTCDA (C24H8O6) is prepared by coupling 1,8-naphthalene dicarboxylic acid 
imide in basic conditions (for instance, in sodium hydroxide/potassium hydroxide/sodium acetate at 
190 ÷ 220°C), followed by air oxidation of the molten reaction mixture or of the aqueous 
hydrolysate. The reaction affords the diimide which is subsequently hydrolysed with concentrated 
sulphuric acid at 220°C to form the final dianhydride.[19] 
 
 
 
Scheme 2.1. Synthetic steps for the classical preparation of PTCDA 
 
PTCDA is a PAH with wider planar fully-conjugated scaffold consisting in seven fused rings (D2h 
punctual symmetry class), almost insoluble in all the common solvents. The presence of anhydride 
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groups is the most evident difference with pristine perylene molecule from the chemical point of 
view, and introduces peculiar characteristics and reactivity. Carboxylic groups act as electron-
withdrawing group and make the aromatic core poorer in electron density and a better acceptor or 
oxidative agent. The anhydride moiety opens the way for a simple functionalization of perylene 
core by its modification: even if synthetic procedures will be analysed in detail in the subsequent 
sections, in this paragraph we will deal with the change of properties caused from PTCDA 
manipulation in comparison with the starting dianhydride. In principle, we can take in account: (i) 
the transformation of the anhydride into an imide (the most representative derivatives are perylene 
diimides, PTCDIs) or (ii) the disruption of the anhydride bridge and the formation of free 
carboxylic groups, which can be maintained or undergo to further manipulation. 
 
 
Figure 2.2. Spatial displacement of PTCDA molecules in the crystal unit cell, in accordance with data 
published from Möbus et al.[20] 
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3. Structural motifs and electronic features 
The transformation of the anhydride into an imide has the advantage to keep unaltered PTCDA 
properties; it is well known in literature that the O atom from the anhydride and the equivalent N 
atom in the imide are nodal points[21] and break any eventual conjugation with the subsequent 
portion of the molecular skeleton (see Figure 2.3); so, whatever group introduced in the imide 
position, doesn’t deeply affect the photo- and electrochemical profile owned by PTCDA. 
         
Figure 2.3. From left to right, graphic representation of computationally evaluated HOMO-1, HOMO, 
LUMO and LUMO+1 energy levels (for calculations details, refer to Chapter 9) 
 
The imide manipulation gives the possibility to maintain typical features of the starting dianhydride 
and to make it soluble, depending from the hydrophilic/hydrophobic moieties present in the amine 
which is used for condensation.[22-24] From a historical point of view, this is the oldest strategy of 
PTCDA manipulation which opened the way (and the market) to a large number of perylene-based 
pigments.[25] 
 
Figure 2.4. Structure cartoons for Perylene (A), perylene-3,4,9,10-tetracarboxylic acid (PTCA, B), and a 
simple water soluble PTCDI molecule, PBI2+; D) compared absorption spectra (c = 10-5 M) 
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The degradation of the anhydride discloses the route to more soluble materials as before, but in this 
case the different electron-withdrawing character of free carboxylate, or ester function, relevantly 
affects optical properties of the molecule; it is observed a blue-shift of the spectral pattern of peaks 
towards UV region and closer to naked-perylene profile.[26] 
The presence of the anhydride underlines the difference in reactivity between the H atoms 
belonging to the inner part of the aromatic nucleus. In general we distinguish the different reactive 
positions between the 1,6,7,12 (bay-positions) and 2,5,8,11 (ortho-positions). Due to the 
localization of several molecular orbitals over inner core carbon atoms (with particular regard to 
HOMO and LUMO orbitals), the substitution of the original H atom with other functionalities 
affects all the photo- and electrochemical properties, in addition to the loose of planarity for the 
molecular skeleton.[27, 28] The induced distortion, as it could be expected, depends from the number 
and the steric hindrance of the introduced groups, and in general this aspect is more evident for bay-
functionalized compound instead of ortho-functionalized derivatives. In conclusion, the 
functionalization of these two positions is not equivalent: (i) bay-positions offer a way to produced 
distorted perylenes with shifted UV-Vis profiles and higher solubility due to the less efficient π-π 
stacks;[29, 30] while (ii) ortho-positions functionalization produces relatively planar PTCDA 
derivatives with different photochemical profile, but synthetic protocols are less accessible.[31] 
 
 
Figure 2.5. Relevant positions around PTCDA molecular skeleton for performing further functionalization 
 
After this insight on the functionalization of the different relevant positions around perylene core, it 
is evident how structural modifications on starting PTCDA can produce molecules with deeply 
different properties, such as solubility. It was previously mentioned the insolubility of the 
dianhydride in all the solvents. The relatively huge aromatic planar surface and the absence of bulky 
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functional groups allow strong π-π intermolecular interactions which justify the observed 
insolubility. Also in this case, the structural resolution operated by Möbus et al. (Scheme 9) 
confirmed the hypothesis.[20] PTCDA crystals (monoclinic unit cell, space group P21/c) presents the 
molecules arranged in a sheet-like structure of tightly packed one-dimensional π-π stacks. The 
average interplanar distance (ca 3.20 Å) facilitates π-orbital overlap and for this reason crystalline 
perylene dianhydride has been defined as the “archetype molecular semiconductor”.[32] 
Imide-substituted PTCDIs are present in several scientific reports for nanostructures production, 
which are generated in solid state and without the necessity to obtain a single crystalline phase. In 
general, it is possible to observe regular pillar-like structures, whose aggregation and stability is 
guided by π-π interaction.[15, 33, 34] Pillars grow along a screw axis and PTCDIs are tilted in the 
structure due to the steric inherence of pendants in the imide position; they can also grow in a 
clockwise or anti-clockwise way, or eventually the presence of chiral pendants can induce the 
growth of a specific typology of aggregates.[34] For these sorts of aggregates, the nature of imide 
pendants is relevant for the geometry of the superstructures and, if pendants from one pillar are long 
enough to give inter-digitations with pendants belonging to a second pillar closer in space, they can 
contribute to the stabilization of a network of columnar structures.[34, 35] Aggregation phenomena of 
perylene dyes have been extensively studied in organic solvents: the formation of linear 
nanobelts,[36] spherical nanoparticles[37] and columnar nanostructures[15, 35] has been reported, and 
rod aggregates of amphiphilic PTCDIs described by Zhang et al.[24] The aggregation constants 
strongly depend on the substituents of the PTCDIs as well as on the solvent. 
 
                      
 
Figure 2.6. From left to right, microscopic columnar structures originated by the self-assembly process of 
perylene diimide derivatives, as presented in reference [15], and a cartoon provided for a clearer description 
of the supramolecular organization 
 
Chapter 2 – An overview on perylenes chemistry 
 
32 
 
Dealing with bay-substituted perylene dianhydrides or diimides, it is more difficult to observe 
extended and stable superstructure due to the weakness of π-π stacks between distorted cores, as 
mentioned before. 
The photochemical characterization of molecules is commonly carried out in solution for a series of 
practical advantages: preparation of the sample, control over molecules concentration, minimal 
quantities to be used). Solubilized molecules undergo to individualization and the revealed 
properties are not influenced by inter-molecular interactions, as it happens in solid state.[38] As 
mentioned before, PTCDA is insoluble in the most common solvents, and photochemical 
characterization can be performed only in solid state. Due to the fact that this thesis work deals with 
soluble perylene derivatives, in this section the attention will be focused only over soluble 
molecules. A short discussion about solid state absorption spectra will be given later when some 
materials needed solid state characterization. Anyway, in the previous section the similarities 
between the starting anhydride and the imide-substituted diimides were discussed as well as the 
absence of important differences in the photochemical profiles due to the geometry of molecular 
orbitals (MOs), so the description of diimides characteristics can be easily related to the starting 
dianhydride. 
 
A)             B)      C) 
 
 
Figure 2.7. Photophysical data for PBI2+ PTCDI: A) structure cartoon; B) adsorption, emission and 
excitation spectra; C) adsorption spectra registered in water in presence or not of a surfactant molecule able 
to disrupt π- π  stacks 
 
UV-Vis absorption spectra of PTCDIs are characterized by 2 main peaks localized at ca. 535 nm, 
500 nm and a smaller shoulder at around 470 nm, attributed to 0→0, 0→1 and 0→2 transitions, 
respectively.[39, 40] Compared with Perylene, the red-shift of the spectral pattern is justified from the 
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wider conjugated surface in these molecules and from the presence of electron-withdrawing groups. 
Even if the localization of maxima is almost similar for whatever PTCDI, the profile of the spectral 
pattern is extremely sensitive to the degree of aggregation of molecules in solution, and from UV-
Vis spectra analysis some interesting conclusions can be drawn: while monomeric PTCDIs have a 
normal Franck–Condon progression with A0→0/A0→1 ≈ 1.6, aggregated PTCDIs have inversed 
intensity distribution among their vibronic states with A0→0/A0→1 ≈ 0.7 (see Figure 2.7C).[41] We can 
conclude that the presence of different substituents in the imide position doesn’t affect the position 
of absorption peaks but, due to their important role played in favour or not of aggregation 
phenomena, they can deeply modify the Franck–Condon progression and the observed pattern of 
peaks. 
Another peculiar factor, which can deeply modify optical properties of aromatic molecules with 
wide conjugated core, is the formation of specific typologies of extended aggregated structures in 
solution. In this case, it is needed to refer to the classification of H- versus J-aggregation. In J-
aggregates, neighbouring chromophores are oriented in a head-to-tail fashion, resulting in a 
negative excitonic coupling, while in H-aggregates nearest-neighbour molecules are oriented in a 
more side-by-side manner, resulting in a positive excitonic coupling.[42] The energetic ordering of 
the excitons has profound effects on the photophysical response; in J-(H-) aggregates, the main 
S0→S1 absorption peak undergoes a red (blue) shift compared to the spectrum of an isolated 
monomer.[43] Moreover, the excited-state radiative decay rate is enhanced in a J-aggregate and 
suppressed in an H-aggregate. 
 
Figure 2.8. Representation of H- and J- aggregates and their relative electronic transition diagram. Adapted 
from reference [42] 
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Another important factor in the determination of the spectral profile, is the choice of the solvent, 
independently from the typology of substituents around the perylene core, hydrophilic solvents 
enhance π-π interactions and favour aggregation, while aromatic solvents are able to depress those 
sorts of aggregations.  
 
Fluorescence of perylene derivatives is generally characterized by high values of φ, but for what 
concerns PTCDIs an important role is assumed by organic pendants in the imide-position. 
Experimental data confirm the self-quenching phenomena operating when the single molecules are 
strongly interacting and forming aggregates; thus, fluorescence intensity is as high as the material is 
well dispersed in solution.[40] Emission spectra are perfectly specular to the absorption ones, with a 
generally observed Stokes shift of about 20 nm; the maximum peaks are localized at ca. 550 and 
595 nm (0←0 and 0←1 transitions), while the 0←2 transition is more difficult to be revealed (see 
Figure 2.7A). 
 
Figure 2.9. Photophysical profiles for a bay-substituted PTCDI: A) structure cartoon; B) adsorption and 
emission spectra registered in DCM (c = 10-5 M) 
 
Bay-substituents are more significantly changing PTCDA properties; structural modifications 
previously discussed are the product of steric inherence of the substituents, but mainly of a change 
in the electronic distribution over the aromatic core.[30, 44] Several examples of bay-substituted 
molecules are reported in the literature, and from their spectroscopic characterization it is revealed 
the tendency to have higher red shift when electron-donating groups are connected to perylene 
core.[45] The substitution of bay-H atoms with halogens (Cl, Br are the most commonly used) is not 
inducing strong modifications in the spectral profile (due to the small electron donor behaviour); O 
and N atoms are more effective in photochemical profile modification due to the number of free 
electrons which can be delocalized from the pendant to the molecular core.[45] In general, the 
vibronic progression is lost and one main spectral feature appears at around 620 nm. Emission 
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intensity is shifted in the red or infrared (ca. 750 nm) and reported quantum yields values are 
generally quite low. 
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4. Applications 
Following the history of perylene chemistry, first applications arrived as vat dyes due to their low 
solubility, mainly for PTCDIs. Although with the term of “perylene derivatives” we indicate all the 
possible perylene core-based compounds, in industrial field this definition is generally restricted to 
PTCDI molecules which do not present any modification in the ortho- or bay- position, thus the 
simplest derivatives of PTCDA. Perylene derivatives have only been used as vat dyes until the late 
1950s but, as soon as soluble perylene compounds were developed, a large variety of perylene 
pigments arrived on the market; this shift in emphasis is credited to investigations by Harmon 
Colors which broke new ground in describing the conversion of vat dyes to pigments. Several 
members of the perylene pigment series have thus found their way towards industrial scale 
production. Nowadays, many different perylene pigments for colouring yellow, orange, red, pink, 
purple or black are commercially available.[46] 
Perylenes are often used in conjunction with other pigments in their application. For example, in 
automotive coatings it is common to find formulations in which perylene pigments are considered 
the base pigment because of its high colour strength, or cases where a less colour-intense 
derivatives (such as quinacridones) are added to the formulation as tinting agents, for improving 
specific coloristic properties or provide a particular colour nuance, or the overall film performance, 
but with less regard to the colour influence of the perylene pigment.[46] 
The key point for these applications is not, or not only, the outstanding colour quality, but also the 
outstanding stability of these compounds towards oxidation (related to the electron-deficiency of 
PTCDIs),[21] which maintains the colour properties stable for long time, as required for a successful 
large-scale industrial applications. 
 
                  
Figure 2.10. From left to right, Pigment Red 149 and Pigment Red 179 molecular structures 
 
The most important perylene for use in the coating industry is the so-called Pigment Red 179,[46] 
which is a maroon to red in colour. It is the perylene pigment that most often appears in the patent 
literature for formulation into OEM coatings. The pigment is often used in combination with other 
high performance pigments, formulated with metal flake, mika and other special effect pigments. A 
well-known US automotive formulation employing Pigment Red 179 is called Toread Red, in 
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which the perylene pigment imparts a rich deep colour, high transparency and brilliancy as well as 
outstanding weatherfastness. 
Another successful example of application of perylene chemistry in industrial applications is 
Pigment Red 149,[46] a clean slightly bluisch red pigment which exhibits outstanding heat stability 
(greater than quinacridone) coupled with high colour strength and lightfastness. Applications of 
Pigment Red 149 range from high temperature coloration of polystyrene and ABS, casting of 
methacrylic acid methyl ester resins, in the production of coloured polycarbonates, and in the spin 
dyeing of polyacrilonitrile and polypropylene. 
More recently, scientific community focused its attention over perylenes for some other outstanding 
features regarding electron conductivity. PTCDIs are considered to be the best organic n-type 
semiconductors available to date, and their high electron conductivity is related to the way they are 
packed in solid state; the already mentioned π-π interactions guide single molecules to ensemble in 
an ordered organization consisting in layers of parallel perylene cores. It has been documented for 
PTCDA that conductivity has an anisotropic character, and the intra-layer conductivity is at least six 
orders of magnitude lower than that in the perpendicular direction, indicating that the electron 
transfer between the perylene-based molecules can only be realized through the π-π stacking.[47]  
 
Figure 2.11. Supramolecular copolymer based on the hydrogen-bonding interaction of π-conjugated 
oligomers. Adapted from reference [57] 
 
This concept can be easily transferred to all the derivatives of PTCDA which maintain a planar 
aromatic core, namely all the non-substituted perylenes in bay- and ortho-positions.[48] Some of the 
applications related to electronic properties of perylenes regards as electrophotography/ xerographic 
photoreceptors[49] and in organic solar cells[50] from more than one decade. They could be employed 
also for data storage in CDs or DVDs,[51] dyes for ink-jet prints,[52] applications related to the world 
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of organic electronics,[40, 53] in particular organic field effect transistors (OFETs),[54, 55] organic 
light-emitting diodes (OLEDs),[56] and more recently some applications arrived for perylene core-
based derivatives in the world of white organic light-emitting diodes (WOLEDs),[57] for long time 
exclusive dominion of lanthanide compounds[58] and only recently fertile field of application for 
various classes of fully organic molecules.[59] 
A chapter apart would have to be spent over biological applications of perylene diimides, but since 
it is totally out from the topic and the purpose of the thesis, it can be mentioned that several studies 
are conducted on perylene diimides derivatives because the aromatic core has a suitable size and 
shape for interacting with G-quadruplex conformers of DNA.[11, 60] It is already reported that such a 
supramolecular structure enhances telomerase activity,[61] with relevant implications in the design of 
novel cancer drugs. Moreover, fluorescence properties are used as efficient tool for monitoring drug 
release of certain PTCDIs derivatives designed as drug carrier and fluorescent probe.[62] 
 
 
Figure 2.12. Models obtained by molecular modelling for the complexes between a monomeric G-
quadruplex41 (blue) and the perylene ligands POL-3 (A–C) and POL-7 (B–D). Semi-transparent surfaces are 
in blue for the DNA (A,B), while ligands are atom-type coloured. H-bonds are evidenced as dotted yellow 
lines (C,D), with red coloured oxygen atoms on DNA phosphates when involved in hydrogen bonding. 
Adapted from reference [61] 
 
In the next section an overview of the most important synthetic pathways will be give, with 
particular attention to the protocols specifically used for the isolation of the materials employed in 
the production of the hybrid materials discussed in the thesis.  
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5. Synthetic pathways 
PTCDA is cheap and commercially available substance, therefore can be easily employed as 
precursor for a great variety of perylene compounds and molecular systems with higher aromatic 
character. From the previous sections it appears evident that, depending from the position around 
the aromatic core we manipulate, different results are accessible. For this reason, a variety of 
selective methods has been already established and reported in literature in order to selectively 
switch on a specific reactivity of PTCDA and maintain the other features available for further 
subsequent functionalization procedures. As general operative scheme, it is more reliable to operate 
following a precise logic before starting the synthetic work in the lab. 
In the next section preliminary manipulations of the anhydride will be presented first, then synthetic 
procedures which add elevate structural complexity on the scaffold will be discussed. With this 
logic in mind, we can divide all the synthetic strategies in 3 categories: 
 
 imide-position functionalization 
 preliminary procedure for bay-substituted derivatives 
 bay-position functionalization. 
Procedures for ortho-position functionalization have been omitted because they are not topic of the 
present thesis work.  
 
     5.1 Imide functionalization 
Symmetric PTCDIs can be afforded in different conditions. The most diffused procedure employs a 
mixture of the chosen primary amine in quinoline at high temperature,[63] but Langhals et al. have 
developed a strategy based on the employ of imidazole as base and solvent, and zinc acetate as 
catalyst.[64] Under basic alcoholic conditions, he and his co-workers have observed the 
rearrangement of PTCDIs to the lactame ring contracted by-product.[65]  
 
Scheme 2.2. Mechanism of ring contraction in PTCDIs in the condition investigated from Langhals et al. in 
reference [65] 
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The employ of primary diamines or compounds with higher number of free primary amino groups 
produces polymeric chains of perylenes. Even if the thesis work focuses its attention over 
symmetric compounds, easier to be isolated and characterized, some information will be provided 
also for non-symmetric PTCDIs. These compounds can be obtained via the perylene 
monoanhydride monoimide, either by removal of one substituent of the symmetric PTCDI under 
basic conditions and closure of the anhydride by addition of acid species[66] or by formation of 
perylene monoanhydride monopotassium salt from PTCDA, which is then condensed with an amine 
followed by acidification.[66, 67]  
 
 
Scheme 2.3. Reaction steps for the synthesis of asymmetric PTCDIs, in accordance with the mechanism 
proposed by Tröster in reference [67] 
 
     5.2 Preliminary manipulations 
The presented reactions have the specific purpose to introduce halogen atoms (F, Cl, Br) around the 
aromatic core, more precisely in the bay-position. Their introduction can be justified from different 
factors: (i) increase of solubility for the corresponding diimides due to the distortion induced in the 
core; (ii) depression of π-π intermolecular interactions (depending from the size of the halogens and 
their number around the core the molecular torsion can be tuned);[28, 30] (iii) introduction of good 
leaving group(s) for further substitution(s) in bay-position.[68, 69] Halogenation is generally 
performed on raw PTCDA; bromination reactions can easily afford the di- or the tetra-substituted 
perylene dianhydride depending on the reagent quantities used during the reaction,[69, 70] but under 
mild conditions it is also possible to isolate the mono-brominated derivative.[71] Tetra-chlorinated 
bay-substituted PTCDIs are accessible by chlorination reaction on PTCDA,[72] while core-
fluorinated materials are generally obtained after functionalization of the imide position of 
chlorinated or brominated PTCDA and subsequent nucleophilic substitution via the Halex 
reaction.[73] 
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     5.3 Bay-position functionalization 
To afford these synthetic procedures, the halogenation of perylene core is necessary (better to 
choose bromination or chlorination). The presence of halogens makes easily achievable the 
exchange of the entering of a nucleophilic substituent in the aromatic core. Alcohols[74, 75] and 
primary/secondary amines[76] are well established reactants for the synthesis of bay-substituted 
compounds, where a large spectral shifts is caused. The free electrons localized on the heteroatom 
(provided from the alcohol/amine fragment) are delocalized over the wider aromatic core, causing a 
stabilization of the system and an evident red-shift of spectral features. Moreover, these compounds 
are characterized by a tilted aromatic core, unable to strong π-π interact and are generally well 
soluble in the most common solvents. Cyano,[54, 77] or fragments directly linked by C-atoms[69, 75, 78] 
can be introduced with simple protocols causing a less evident shift of the signals from the typical 
spectral range of PTCDIs and the core distortion is less evident. This route is mainly followed for 
the construction of polymeric chains interconnected from perylene units.  
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Scheme 2.4. Cartoon representing the different possible synthetic strategies that can be performed starting 
from the common precursor PTCDA (here it is specifically described the strategy followed for some 
compounds lately discussed in details in the next Chapters) 
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     5.4 Water soluble perylenes 
Among all the possible perylene derivatives which can be synthesis, a relevant interest concerns 
water soluble perylenes chemistry, for the same reasons that make water an attractive solvent: it is 
cheap, non-polluting, easily obtainable and easy to be regenerated. The future success of novel 
perylene applications is related to the creation of new easy-processable water-soluble building 
blocks. Water solubility can be easily related to biological environments, and the continuous search 
for new fluorescent probes or markers makes perylenes a possible interesting alternative to other 
already existing molecules. It is surprising how, although huge variety of perylene dyes have been 
reported in literature, water soluble perylenes still represent a relatively small fraction. 
Perylene-3,4,9,10-tetracarboxylate salts are for sure the most simple and valid example of water 
soluble perylene; their elevate solubility is mainly due to four charged groups (at pH > 3.5 the four 
carboxylic groups undergo to deprotonation) which are displaced in a quasi-orthogonal geometry, in 
a way that strong charge density around the smaller aromatic core generate strong electrostatic 
repulsion which make unfavorable any formation of π-π interactions. It has already reported their 
employ for sensing applications in biomedical and environmental chemistry, anyway the possible 
further manipulations are possible in the inner aromatic positions. At the best of our knowledge, no 
results are reported for the potentially interesting bay-substituted perylene-3,4,9,10-tetracarboxylate 
derivatives. 
For what concerns perylene diimides, in the most of these cases bay-functionalization chemistry has 
been explored in order to prevent aggregation and achieve good fluorescence quantum yields. Some 
of the most common groups are sulfonic acid groups,[22] sulfonate salts, quaternary ammonium 
salts,[79] polyamines.[80] In these cases, PTCDIs fluorescence properties and their water-solubility 
offered to these perylene dyes potential employ as labels for enzymes, virions or drugs for the 
investigation of biological processes in the living cell.[22, 81] Anyway, bay-substitution change core 
properties, and even if there is a positive gain in solubility and individualization of the dye, the 
modification of the absorption/emission range could be an undesirable consequence. In order to 
avoid this problematique, imide-functionalization can be performed with specific reagents. Zhang et 
al. have shown perylene dyes with poly-(ethylene oxide) (PEO) chains in the imide region;[24] even 
if they were interestingly used for staining cells, they are extremely sensitive to the polarity of their 
surroundings and showed strong solvatochromic behaviour (in nonpolar solvents they exhibit high 
fluorescence, whereas in polar solvents their fluorescence is very weak due to aggregation). An 
interesting approach points out the possibility of “masking” perylene molecules by host-guest 
interactions; once the core has no possibility to make available its aromatic skeleton, aggregation is 
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prevented and, as previously mentioned, emission intensity is maintained unaltered. A proof-of-
principle has been presented by Biedermann et al. using a cucurbituril as host partner;[82] obviously, 
this approach requires that, if perylene have to be used as probe or it has to be attached as marker to 
a target molecule, other functional moieties have to be introduced in the imide position; this 
complication is necessary for reaching good solubility of the dye (or better of the host-guest 
supramolecular dye) and provide specific anchor groups for interacting with the target molecule.  
 
Figure 2.13. Synthesis and aggregation properties of the PTCDI molecule PDI-1. A) Two step synthesis of 
PDI-1 and B) cartoon representing the equilibrium process among the formation of PDI-1 stacks and PDI-
1@cucurbituril host-guest species. Adapted from reference [82] 
 
An approach which recently produced interesting results regarded the combination of PTCDIs 
chemistry with dendrons chemistry. For example, Newkome dendrons[83] are versatile 
functionalizing motifs due to (i) the high solubility of the polyamide derivatives in organic solvents 
and (ii) the hydrophilic character of the polyacidic compounds. It has been already reported from 
Hirsch et al. a wide library of water-soluble symmetric and amphiphilic PTCDI dyes.[84] Finally, the 
last mention for PTCDI molecules functionalized with PEG chains,[85] which confer solubility and 
biocompatibility, two skills which are positively evaluated in biologic research. 
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6. Conclusions 
After this panoramic view, it appears evident how chemistry is moving towards more complex and 
efficient systems which have the advantage of improved solubility in water. On the other hand, this 
pathway carries out some not-trivial problems, such as the major number of synthetic steps, lost in 
yield, and the crucial issue of purification needed to afford pure compounds; this issue is 
particularly important passing to higher degrees of structural complexity. Moreover, a large variety 
of synthetic protocols are already present in the literature and several tools can be combined to 
afford the desired compound; nevertheless, more efficient strategies are still needed for avoiding 
problems in the purification process and increasing the overall yields of the process. Thus, the 
scientific community is still encouraged to optimize and propose new routes for the synthesis and 
isolation of perylene derivatives. 
The wide spreading number of applications for PTCDIs is strongly connected to several features 
these molecules possess, and the cocktail of properties is related both to structural and electronic 
factors that were extensively examined in this Chapter. The range of applications touched from 
perylene derivatives cross-connects biomedical research with pure material chemistry, electronics 
and successful industrial applications. Behind this beautiful scenario, only huge efforts in the 
development of novel and innovative synthetic protocols allowed to reach such a variety of 
compounds starting from the same aromatic core. 
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Chapter 3 
Presentation of the thesis projects 
 
The present thesis is focused on the synthesis of hybrid materials with use of perylene diimides. In 
the previous Chapter, the intriguing features of PTCDIs and the potential applications were 
discussed, with a wide overview of scientific actual literature, which focuses more and more on this 
specific class of aromatic chromophores. In the following Chapters, the production of Class I 
hybrids based on the employ of specifically designed PTCDI molecules as building block is 
discussed. The whole thesis is mainly focusing over energy applications. Different approaches are 
investigated, ranging from homogeneous (Chapter 5) to heterogeneous (Chapter 7) conditions. In 
addition, the synthesis of hybrid materials with future application in biomedical filed is also 
presented (Chapter 8). 
The following sections will be organized in accordance with five principal topics: 
 
 Optimization of synthetic procedures for the preparation and isolation of PTCDIs. 
Deep analysis of perylene literature revealed several bottle-necks which could still 
prohibit industrial application of PTCDIs as well as academic research activities. 
Classical protocols for the transformation of PTCDA in imides generally require high 
temperature, high boiling-point solvents and frequently PTCDIs possess low solubility 
(similarly to PTCDA); moreover, purification procedures could take long time, harsh 
conditions and affect the yield. Before focusing over the preparation of hybrid materials 
and the choice of the proper starting materials, a novel synthetic procedure for PTCDIs 
was investigated and developed. 
 
 Development of novel hybrid materials for the photocatalytic production of 
dioxygen through water oxidative splitting. The development of artificial 
photosynthetic systems is a hot topic in the scientific community and novel approaches 
to the problem are still welcomed. Here a novel synthetic analogue of the PSII oxygen 
evolving centre is formed in water after the supramolecularly driven assembly of a 
positively-charged perylene diimide (PBI2+) and the molecular catalyst Ru4POM. 
Several spectroscopy (UV-Vis, IR, Raman, Fs Transient Absorption, Flash Photolysis), 
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microscopy (SEM, TEM, AFM) and other techniques (spectro-electrochemistry, cyclic 
voltammetry, SAXS and computational tools) were combined for the characterization of 
the novel hybrid. Dioxygen evolution experiments revealed remarkable stability of the 
PBI2+@Ru4POM hybrid to oxidative stress, oxygen evolution prolonged for up to 7 
hours and unaltered performances even using different aqueous environments (ranging 
from pH 2 to 7). 
 
 Preparation of hybrid materials based on the non-covalent interaction of perylene 
diimides and carbon nanoforms. The successful non-covalent functionalization of 
Carbon Nanomaterials operated by cationic perylene surfactants is presented. More 
specifically for the Single-Walled Carbon Nanotubes (SWCNTs), the employ of different 
PTCDI molecules as surfactants yields tunable enrichment of specific nanotubes 
chiralities (either semiconducting over metallic nanotubes or medium diameter 
SWCNTs). The hybrid materials have been characterized by means of Raman, UV-Vis-
NIR spectroscopy and ζ-Potential measurements plus microscopic techniques; all of 
them underlined the excellent degree of dispersion of the solubilized material. The 
relevant spectroscopic results revealed an opposite direction of the charge transfer 
phenomena between the surfactant and the SWCNTs based on the different substituents 
localized around the core of the surfactants. Furthermore, the optimized protocol has 
been tested for the solubilisation of other carbon nanoforms, like Multi-Walled Carbon 
Nanotubes (MWCNTs), Single Walled Carbon Nanohorns (SWCNHs) and graphite 
exfoliation in graphene, which were successfully isolated and characterized. 
 
 Preparation and characterization of photoanodes active towards water oxidation 
process. The successful results obtained in homogeneous photocatalysis with the hybrid 
PBI2+@Ru4POM induced the study of other novel systems in order to produce 
photosensitized surface with potentialities for photoelectrochemical oxidative catalytic 
processes. Here we describe the spontaneous adsorption of PBI2+ on nanocrystalline 
WO3 surfaces via aggregation/hydrophobic forces. Under visible irradiation (λ > 435 
nm), the excited state of PBI2+ undergo to oxidative quenching by electron injection to 
WO3, leaving a strongly positive hole (Eox ≈ 1.7 V vs SCE) which allows to drive 
demanding photo-oxidation reactions in photoelectrochemical cells (PECs). The casting 
of IrO2 nanoparticles (IrNPs), acting as water oxidation catalysts (WOCs) on the 
sensitized electrodes, led to a four-fold enhancement in photoanodic current. Once the 
Chapter 3 – Presentation of the thesis projects 
 
51 
 
interaction of the sensitizer with suitable WOCs is optimized, IrNPs@PBI2+@WO3 
photoanodes hold potentialities for the straightforward building of molecular level 
devices for solar fuel production. 
 
 Preparation of novel hybrid materials as useful SERS reporters. Perylene 
derivatives are characterized from typical Raman signals produced from the vibration of 
the aromatic core, and a computational investigation revealed that the introduction of 
different substituents of the aromatic core can generate consistent shifts of Raman 
signals. In the literature, some examples of hybrid materials in which AuNPs and 
perylenes are combined point out the elevate enhancement of perylene signals when 
deposited over AuNPs substrates. Herein we present a deep study over the combination 
of perylene derivatives and AuNPs. The resulting hybrid materials contains structurally 
similar perylene derivatives, but with deeply different Raman fingerprints. Moreover, 
enhancement of SERS signals is revealed. All these factors make the novel hybrids 
suitable for multiplex application. 
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Chapter 4 
Microwave-assisted synthesis of PTCDIs 
 
1. Introduction 
In Chapter 2 the most important characteristics of PTCDIs were pointed out. The already developed 
industrial chemistry of perylenes mainly furnishes products which are typically insoluble and with 
high melting point, perfectly suitable for coating applications and similar. Current research on 
PTCDIs focuses the attention on organic electronics, homogeneous catalysis and supramolecular 
assemblies, applications which generally require PTCDIs with better behaviour in common 
solvents.[1] The most straightforward and simplest way for tuning perylene properties is the 
transformation of commercially available PTCDA into a diimide. Introduction of bulky organic 
pendants increases solubility in most of the organic solvents.[2] Moreover, aromatic amines induce 
small bathochromic shift,[3] while carboxylates or quaternary ammonium cations are utilized for the 
formation of ionic bonds or to increase the solubility in water.[4, 5] As discussed before, other 
macroscopic properties undergo to modification, mainly because π-π interactions involving the 
aromatic portion of the molecular skeleton are tuned from the introduction of substituents in the 
molecular scaffold, leading to different kind of aggregates. The condensation of the anhydride with 
aliphatic amines is performed in high boiling point solvents (i.e. quinoline[4] and  propionic acid[6]); 
some rare examples present water as reaction medium but in presence of metal catalysts.[7]  
 
 
Scheme 4.1. Typical example of PTCDIs synthetic procedure. In the scheme, the synthesis of PBI2+ (a dye 
widely employed in the thesis development) is illustrated; the box indicates the bottleneck step 
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Less reactive amines (i.e. aromatic primary amines) require harsh conditions, and solvents like 
quinoline or imidazole are the most common choices.[8]  Reaction time can take from 6 hours for 
aliphatic amines up to 48 hours under reflux and inert atmosphere for aromatic amines and 
aminoacids.[9] These points introduce serious limitations to perylene industrial application for 
different motivations: (i) time demanding of the process is relatively high; (ii) the necessity to 
perform reactions at high temperature could be an important cost for an industry; (iii) the difficulty 
to recycle solvent and unreacted precursors, which are necessary wasted. 
Work-up procedures represent another relevant problem: aliphatic amines easily give quantitative 
yields and they only need a simple procedure for the removal of the excess of amines (filtration), 
while aromatic amines and aminoacids require longer time and harsh conditions in order to 
successfully remove the unreacted anhydride and the monoimide side-product.[10] Due to the low 
solubility of PTCDI and the related anhydride, NMR spectra are often not reported and purity of the 
compounds can be only investigated by FT-IR and mass spectrometry. 
The discussion can be extended to 1,6,7,12-tetrachloro- or 1,6(7)-dibromo-perylene dianhydride, 
products of PTCDA halogenation which are frequently used as precursors for the production of bay-
substituted perylene diimides through nucleophilic substitutions and metal-catalysed reactions.[11] 
These halogenated compounds can react with amines under acidic conditions to form bay-
halogenated PTCDIs, [12] however the harsh conditions which are needed for some amines (i.e. 
aminoacids or anilines) to form the imide are not suitable for these halogenated compounds. This is 
the reason why only few examples of these structures are reported in the literature.[9] 
Consequently, a part of this thesis work was dedicated to the development of a new method for the 
synthesis of perylene diimides with faster and more effective protocols, and higher purity.  
An interesting synthetic strategy which has been widely developed in organic chemistry in the last 
30 years, but didn’t encounter any application for the preparation of perylene derivatives, is 
microwave-assisted chemistry. Starting from the first pioneering studies developed in the 1980s,[13] 
microwave irradiation rapidly rose as an efficient and effective tool for chemists, able to promote 
reaction accelerations, increase of global yields under milder reaction conditions and higher product 
purities;[14] however several efforts are still provided in order to better understand the partially 
unexpressed potentiality of this branch of synthetic chemistry.[14, 15] 
In this Chapter a contribution to PTCDI chemistry is presented: a new microwave-assisted 
procedure for the synthesis of perylene diimides is described. The method has several advantages 
which make it attractive to researchers in this field, which can be summarized in: 
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 appreciable yield increase and drastic decrease of reaction time 
 simplicity of the methodology, since the only mandatory requirement is the microwave 
reactor itself 
 versatility of the method, applicable to a variety of primary amines ranging from small alkyl 
amines (compounds 1, 2, 4, 5, 6), bulkier ones (3), alcholamines (4, 8), anilines (7), α-
aminoacids (9-11) and bay-substituted analogues (12-17). 
 
 
Figure 4.1. Comparison of classic and microwave-assisted protocol conditions for the preparation of 
compound 1, PBI2+ precursor  
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2. Experimental work and comparison with standard procedures 
 
      1        2      3      4     12    15 
Figure 4.2. Structures of the PTCDIs synthetized with both classic approach and microwave-
assisted protocol  
 
Synthetic work started with the isolation of compounds 1-4, 12 and 15 using classic conditions. For 
the non-halogenated PTCDIs, the established protocol consisted in the preparation of a mixture of 
PTCDA and the primary amine in quinoline, then, the solution is put under reflux for 24 h; the 
work-up of the crude consisted in a sequence of precipitation/filtration steps which finally afforded 
the desired compound. In order to standardize the procedure, compound 1 was firstly synthetized in 
accordance with the procedure already reported in the literature,[4] and then this procedure was 
adapted with small differences for the other three compounds. For what concerns compound 12, 
synthesis was performed in accordance with the already published protocol,[16]  while for the tetra-
bromo derivative 15 the corresponding dianhydride was synthetized following the already published 
procedure[17] and the insertion of the primary amine in imide-position was performed using the 
procedure already followed for compound 12.  
 
 
 
Compound Yield(classic condition) Yield (MW-assisted condition) 
1 80 % 99 % 
2 71 % 99 % 
3 100 % 99 % 
6 51% 87 % 
12 84 % 99 % 
15 59 % 80 % 
 
Table 4.1. Compared results for the isolation of PTCDI compounds following the classical and MW-assisted 
approach 
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All the synthetic strategies and characterization data are reported in detail in Chapter 9 and they are 
in accordance with the already published results; as it can be noticed, all the procedures present 
elevate yields but long reaction time. When the classic synthetic procedure was adapted to the 
aminoacids derivatives 9-11, the compounds were not isolated after several attempts. 
These unsuccessful results underlined the urgent necessity to develop a versatile method which 
would provide in shorter time and high yields the desired PTCDI molecules.  
Even if the amines employed are all of them liquid, and first tries of the reactions in “neat” 
conditions were successful, the microwave-assisted protocol was standardized with the use of 
dimethylformamide (DMF) as solvent, [18] and only data for this specific reaction condition are 
reported. 
This solvent was retained appropriate because it has a dipole elevate enough (3.85 D at 25°C) so to 
absorb microwaves, a high boiling point that is far away for the chosen working conditions, and 
finally it can retain water formed during a reaction, thus, obviating the need for water separation.[19] 
The choice was done in the perspective of using even solid amines for further tries and the desire to 
standardize a unique set of reaction conditions. 
The proposed methodology requires 5 cycles of heating at 50 W for 10 min with cooling breaks of 2 
minutes. Appropriate amine are used stoichiometric amount or in little excess with a maximum of 4 
eq. The work-up procedure consists in the suspension of the crude in 50 mL of KOH 10% water 
solution and left stirring for 2 h. The precipitate is then filtered, washed abundantly with water until 
neutralization.  
The final data are immediately compared in Table 4.1. At first glance, data support a general 
increase on reaction yields in the order of 10-20 %, and reaction time is drastically reduced to from 
48 hours to around 1 hour. Bay-halogenated PTCDIs result very reactive due to the higher solubility 
of the related anhydride in DMF. Reactions take place in only 10 minutes with all different amines 
without any substitution of the amine at the bay-position. The yield was comparable to not-bay-
halogenated PTCDIs, close to 100%. 
The positive results described before encouraged the extension of the protocol to bulky aromatic 
amines (7-8) and aminoacids (9-11). Some extra notes on the synthetic protocol have to be referred 
here: (i) longer reaction times were required for the bulkier primary amines used for the preparation 
of compounds 7-8 (10 cycles of microwave irradiation); (ii) the work-up procedure for aminoacidic 
compounds requested the introduction of some basification/acidification passages among the 
different filtration steps. 
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Sample Starting 
anhydiride 
Imide 
pendan
t 
Yield Sample Starting 
anhydiride 
Imide 
pendant 
Yield 
1 PTCDA 
 
99 % 10 PTCDA 
 
42 % 
2 
PTCDA 
 
99 % 11 PTCDA  64 % 
3 PTCDA 
 
99 % 12 4Cl-PTCDA 
 
99 % 
4 PTCDA 
 
99 % 13 4Cl-PTCDA 
 
85 % 
5 PTCDA 
 
92 / 14 4Cl-PTCDA 
 
95 % 
6 PTCDA 
 
87 % 15 4Br-PTCDA 
 
80 % 
7 PTCDA 
 
45 % 16 4Br-PTCDA 
 
87 % 
8 PTCDA 
 
43 % 17 4Br-PTCDA 
 
95 % 
9 PTCDA 
 
87 %     
 
Table 4.2. Presentation of all the isolated compounds and the related reaction yields 
 
Data from this study suggest that, in the case of α-aminoacidic derivatives, the steric hindrance at 
the α-carbon significantly influences the outcome of the reaction. To compensate the lower 
reactivity of bulky reagents the number of cycles was increased and both conditions and work-up 
procedures were slightly modified as following reported. 
In this screening, the polarity of the amine appeared to be relevant for the rate of the reaction. α-
aminoacids react faster than the similar non-polar amines. Compound 9 bears two carboxylic groups 
on the aromatic ring, making it a bulky imide, but the reaction took place in half of the time and 
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with 2-fold yield, compared to sample 7. Furthermore, the basicity of the amine do not influence 
particularly the outcome of reaction; isophthalic amine and 4-aminopyridine reaction rates depend 
on the steric hindrance and polarity, as previously discussed, but they don’t show any difference if 
compared with the synthesis of 8 and 11, which do not bear an aromatic ring on α-carbon.. 
Before characterizing the compounds and determining the yields, reaction crudes were monitored 
by FT-IR spectroscopy. As abovementioned, PTCDA is insoluble in the most of the common 
laboratory solvents and this is a relevant problem for the purification of the final reaction crudes. 
Thus an accurate distinction in the reaction crude is given from the FT-IR characterization. The 
monitored parameter was the >C=O signals rising from stretching vibrations ascribed in the 
anhydride moiety, which are blue-shifted if compared with imide signals. Products exhibited intense 
absorptions for >C=Oimide at 1690 cm
-1 and 1650 cm-1, while no absorption at 1765 cm-1 and 1730 
cm-1 for >C=Oanhydride was reported.
[20] This is another advantage of the presented method because a 
simple tool, which can be easily found in whatever chemistry laboratory, is required for monitoring 
the purity of the products. 
 
Figure 4.3. Comparison of FT-IR spectra for compound 11 before and after purification procedure. In detail, 
the progressive disappearing of anhydride peaks. 
 
The role of microwave-irradiation appears crucial in the synthesis of PTCDIs. The high temperature 
needed for classical reaction pathways is required for improving the solubility of starting PTCDA, 
activate the dehydration on the molecular scaffold by the opening of the anhydride and the 
subsequent condensation with the primary amine in solution, ending in the imide ring closure. Here, 
microwaves act as energy vector able to strongly interact with the dipole moment of the dianhydride 
and succeed in short time to transfer thermal energy to the molecules in a uniform way. Even if the 
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solvent necessarily plays an important role in the homogenization of the system during the reaction 
time, with microwave irradiation it is not requested from the solvent to efficiently transfer thermal 
energy to the substrate. 
In addition to FT-IR results, for fully soluble molecules, 1H and 13C NMR spectrometry were 
combined with MALDI-MS and UV-Vis absorption and fluorescence spectroscopies for an accurate 
complete characterization of the compounds. Spectroscopy studies data gave information about the 
efficient solubilisation of the materials in the chosen solvents and the analysis of perylene pattern of 
peaks revealed their degree of aggregation, with results similar to what is already reported in the 
literature.[21] All UV-Vis absorption spectra show a characteristic monomeric peak at ~535 nm, a 
dimeric peak at 500 nm and other peaks of bigger aggregates moving to lower wavelength number. 
In general, compounds with amino or ether functionalities (1-3, 12-17) were insoluble or slightly 
soluble in aqueous media, except trifluoroacetic acid (TFA) which perfectly dispersed the samples. 
Strongly basic conditions are requested for aminoacidic derivatives (10-11) because the 
deprotonation of the carboxylic group strongly affects solubilisation of the compounds; for the 
others, pyridine or toluene allowed to efficiently break π-π interactions among PTCDI molecules. 
 
 
Figure 4.4. Spectroscopic and spectrophotometric characterization for the crude of compound 1: A) structure 
cartoon; B) 1H NMR spectra; C) normalized absorption and emission spectra registered in TFA (c = 10-5 M) 
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3. Conclusions 
A general method for the synthesis of PTCDIs of wide applicability is herein presented and 
described in details. The required equipment and the synthetic steps are exiguous. For performing 
the reaction, the precursor dianhydride, the amine for the condensation and a common organic 
solvent (DMF in our choice) are the only requirements, and no other catalyst or external agent is 
necessary. Reaction time is shorten to around 2 hours, taking in account the final work-up of the 
reaction crude; this is a relevant advantage in comparison with classic conditions, which required 
one or two day for the isolation of pure PTCDIs. Moreover, the method is versatile and applicable 
to a variety of amines, and the work-up procedure is described in detail with full characterization of 
the compounds. Thus, the microwave-assisted protocol is for sure of remarkable interest for other 
scientific units dealing with these intriguing chromophores. 
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Chapter 5 
Synthesis and characterization of the oxygenic dyad 
PBI2+@Ru4POM 
1. Introduction 
In the research group where I spent my Ph.D., a certain experience in the field of water oxidation 
catalysis (WOC) was gained with the preparation and the extensive test of a hybrid material 
consisting in functionalized MWCNTs bearing positively charged organic pendants, able to trap the 
previously mentioned negatively charged Ru4POM (by means of simple electrostatic interaction).
[1] 
The construction of a so-organized material rose from the necessity to provide a heterogeneous 
support to Ru4POM for electrocatalytic water oxidation process; the support had the role to funnel 
the sequential electron transfer flux to the electrode and favour energy dispersion, increase the 
surface area of the electrode and control the localization of the catalytic specie over the electrode 
surface. Electrocatalytic studies in the work of Toma et al. revealed that the system was working 
offering good performances (TOF value up to 300 h-1).  
 
            
Figure 5.1. Cartoon representing the structural organization of the oxygen-evolving hybrid. The oxygen-
evolving anode (OEA) is covered with Multi-Walled Carbon Nanotubes (MWCNTs) functionalized with 
positively charged dendrons (blue surface), which electrostatically interact with negatively charged Ru4POM 
(red polyhedral surface). Adapted from reference [1] 
 
Later on, Quintana et al. similarly functionalized exfoliated graphene and built up another hybrid[2] 
which maintained similar electrocatalytic activity in respect of the one prepared by Toma, but with 
the relevant advantage of major surface area. Results confirmed the potentialities of the new hybrid; 
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it was revealed an increased turnover frequency by one order of magnitude with respect to the 
isolated catalyst. Moreover, it was proved the relevant role played by the positively charged 
branched dendrimers which “confined” the presence of the catalytic species around the 
functionalized spots of graphene sheet.[3] 
 
Keeping these data in mind, a possible route to be explored, in order to improve the performances 
of the previously described hybrids, could be a complete change in the functionalization approach. 
Both Toma and Quintana made use of covalent functionalization of carbon nanomaterials in order 
to introduce the positively charged units all around the carbonaceous scaffold. Even if the synthetic 
protocols guaranteed appropriate degree of functionalization and homogeneous coverage,[4] a 
depression of the electronic properties has to be expected, and could eventually put limits over the 
performance of the whole final hybrid. 
In order to avoid defects on the carbonaceous scaffold and boost nanotubes performances as 
transducers, a possible strategy could be the employ of non-covalent functionalization for the 
anchorage of the positively charged groups. In the literature several molecules are already described 
as efficient surfactants for nanotubes,[5] but the project focused over molecules provided with an 
aromatic nucleus, able to strongly π-π interact with nanoforms such as nanotubes and graphene, and 
several examples are already described in the literature.[6] 
PTCDIs appeared potential candidates because they possess an aromatic core sufficiently wide for 
establishing strong interactions with carbon nanotubes and related nanocarbons;[7] they can act as 
efficient photosensitizers[8, 9] because of tunable absorption cross-sections and electron accepting 
properties. Moreover, they are molecules handy enough and with well-known protocols, thus their 
preparation and characterization will require basic spectrometric and spectroscopic techniques. An 
advantage of these molecules, on which is based the decision to choose them, lies in the possibility 
to introduce cationic moieties; these motifs will act as anchor group to the polyanionic 
polyoxometalate species for the final formation of the hybrid material. 
The final work is then organized in three sections: 
 
 Realization, characterization and homogeneous catalysis tests of the hybrid material 
PTCDI@Ru4POM (discussed in the present Chapter) 
 Realization of a PTCDI@CNMs with the same perylene derivative used for the interaction with 
Ru4POM, and test the stability of the interaction (discussed in the next Chapter) 
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 Assembly of the final hybrid Ru4POM@PTCDI@CNMs and verify its activity in 
heterogeneous catalysis (preliminary results presented as an outlook of Chapter 6). 
 
 
 
Figure 5.2. Graphical description of three-component hybrid material designed for water oxidation 
process 
 
The design of the chromophore/surfactant for the first hybrid was somehow limited from the choice 
of the catalyst, and some requirements were needed: (i) presence of chemical functionalities able to 
promote interactions with Ru4POM; (ii) compatible redox potentials for the two components of the 
novel dyad; (iii) a limited number of synthetic steps in order to make accessible the synthesis of the 
photosensytizer. 
The answer to the first point rapidly was evident; the elevate negative charge localized over the 
POM unit suggested to introduce stable positively charged moieties over perlylene scaffold; while 
the covalent approach guarantees a stringent molecular control on the electron donor-acceptor 
distances and geometries, the photocatalysis outcome could be less efficient than expected and 
largely suppressed by fast recombination processes. Moreover, the covalent strategy is not what 
Nature has used to tune the perfect mechanism of the photosynthetic complexity, which is 
ultimately based on non-covalent supramolecular interactions.[10, 11] The novel PTCDI@Ru4POM 
functional nanohybrid would have to self-assemble in water via complementary and strong 
electrostatic interactions. This would offer the relevant advantage to deal with a water soluble 
molecule, so that water could be used in the catalytic tests as reaction medium and reactant at the 
same time. 
Chapter 5 – Synthesis and characterization of the oxygenic dyad PBI2+@Ru4POM 
 
65 
 
In the literature there are reported several examples of water soluble PTCDIs,[12, 13] due to the 
introduction of dendrimeric motifs,[13, 14] but there are a few examples about simple poly-cationic 
systems.[15] In opposition to the actual tendency which privilege structures derivatives with 
dendrimers,[16] the choice was directed over a very simple perylene diimide, N,N′-bis(2-
(trimethylammonium)ethylene)perylene-3,4,9,10-tetracarboxylic acid diimide (namely PBI2+). This 
molecule, a symmetric diimide with short alkyl pendants and quaternary ammonium groups, is 
already well known in the literature;[17, 18] it possesses all the typical characteristic we have already 
discussed for this class of compounds: elevate structural simplicity, simple synthetic procedure (as 
reported in the literature,[19] but the microwave-assisted protocol discussed in the previous section is 
reliable) and elevate stability of concentrated solution (verified up to 10-4 M for months).  
 
 
Figure 5.3. A) PBI2+ structure and photos of 1 x 10-4 M solutions prepared in B) TFA and C) water. D) 
Ru4POM structure 
 
In particular, PBI2+ photosensitizer revealed during the study to be one of the stronger photo-
generated oxidant in its excited state (E(PBI*2+/1+)= 2.18 V vs NHE), which nicely complements 
Ru4POM.
[11, 20]  
Direct, reductive quenching of photo-generated *PBI2+ by Ru4POM takes place, showing 
exceptional robustness for long-time operation and recycling protocols. Continuous oxygen 
evolution is observed under photocatalytic conditions in an exceptionally broad pH range (up to pH 
7) with quantitative conversion and quantum efficiency up to 6%. Noteworthy, the catalytic 
performance is maintained after immobilization onto functional surfaces, which paves the way to 
device application. 
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2. PBI2+ characterization and electron transfer properties study  
Water soluble PBI2+, carrying two peripheral tetra-alkyl ammonium substituents, is selected as 
photosensitizer, based on the following relevant aspects: (i) the redox potentials of the ground 
and excited states match the thermodynamic as well as the kinetic requirements for water 
oxidation; (ii) its electron acceptor behaviour is recognized in photo-induced electron transfer 
processes;[21] (iii) its amphiphilic nature induces self-aggregation into stacked arrays even in 
dilute solutions with binding constants of 108 M-1 and beyond;[22, 23] (iv) its dicationic charge at 
opposite poles offers a valuable plug-and-play electrostatic connector for negatively charged 
components. This latter aspect is a key feature to shape a functional interface with polyanionic 
Ru4POM and with the persulfate anion (S2O8
2-), widely used as terminal electron acceptor in 
sacrificial photocatalytic cycles.[11, 24] 
PBI2+ assemble in aqueous media into supramolecular aggregates, driven by hydrophobic π-π 
interactions between their cores, while minimizing peripheral charge-repulsions. Insights into 
PBI2+ self-assembly are obtained from absorption and fluorescence assays in dilute water 
solution (5.0 × 10-7 – 5.0 × 10-5 M)[25] by comparison with DMF organic phase. In agreement 
with the literature,[23, 26] aggregate formation is confirmed by typical absorption fingerprints, 
whereby the 501 nm absorption maximum exhibits a higher oscillator strength than the one at 
539 nm. Similarly, the fluorescence quantum yields turn out to be as low as 5 %, as expected for 
the PBI2+ stacked arrays.[8, 18, 23] 
 
Figure 5.4. Absorption and emission spectra measured for PBI2+ in a hydrochloric aqueous medium at 
pH 2.5 with the following concentrations: 5.0 × 10-7 M (black), 1.0 × 10-6 M (grey), 5.0 × 10-6 M (red), 
1.0 × 10-5 M (dark orange), 5.0 × 10-5 M (bright orange). For fluorescence spectra excitation wavelength 
was 480 nm 
 
Chapter 5 – Synthesis and characterization of the oxygenic dyad PBI2+@Ru4POM 
 
67 
 
To clarify the aggregates structure, X-ray diffraction (XRD) was performed on the solid PBI2+ 
which was collected from three different buffer solutions (pH= 2.5, 5.2 and 7) and Small Angle 
X-ray Scattering (SAXS) on 10-4 M buffer solution (pH = 2.5, 5.2 and 7) of PBI2+ using a high-
flux synchrotron irradiation (Elettra Synchrotron-Trieste-Italy). We focused on the strongest 
signal - data from pH 2.5 - which shows the most promise for aggregation. Interestingly, 
analysing the data using CRYSOL[27] reveals that the scattering signal can be atributed to the 
formation of an ion-cloud around the PBI2+ molecule. Since for the measurements of pH 5 and 7 
different acids with a lower electron density were used, the overall scattering signal decreased. 
Nevertheless, due to the similarity of the scattering data of pH 2.5 compared to pH 5 and 7, 
aggregation of PBI2+ in solution can be excluded. In addition, XRD measurements of PBI2+ 
powder dried from the different pH values show no difference in the scattering patterns. 
 
 
Figure 5.5. SAXS pattern measured for PBI2+ after evaporation of its hydrochloric aqueous solution at 
pH 2.5 
 
A further investigation of these results provided from ζ-potential analysis. The same PBI2+ 
buffer solutions mentioned before were analysed; measured values (35-30 mV for pH = 2.5, 10-
12 mV for pH = 5.2 and 4-5 mV for pH 7 for [PBI2+] = 2.5 × 10-5 M) resulted positive and 
increased for more acidic environments. This could support that the higher density of the ion 
cloud can shield in a better way PBI2+ from self-aggregation phenomena. 
The redox properties of PBI2+ have been probed, under analogous conditions (pH 2.5, [PBI2+] = 
5 × 10-4 M, 0.1 M NaCl) by means of cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) to establish the electron-acceptor potential of the ground and excited 
states.[28, 29]  
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Figure 5.6. Cyclic voltammogram (black solid line, CV) and differential pulse voltammogram (black 
dashed line, DPV) obtained under cathodic scan for a solution of PBI2+ (left) and Ru4POM (right) in the 
aforementioned experimental conditions 
 
Two quasi-reversible waves were observed with half-wave reduction potential E1/2 = -0.32 V 
and -0.63 V vs Ag/AgCl (Epa- Epc = 240 –110 mV at 50 mV s-1), which were ascribed to the 
formation of the mono- and bis-reduced species of PBI2+, respectively.[28, 30] 
Furthermore, femtosecond-resolved pump probe experiments have been used to explore the 
singlet excited-state dynamics of PBI2+ and its fate dictated by aggregation in water.[28] Indeed, 
following photoexcitation at 530 nm, PBI2+ singlet excited state is fairly short lived with a 
lifetime of around 500 ps[28]  and decays with mono-exponential kinetics to reinstate the ground 
state rather than by intersystem crossing to the triplet excited state. This behaviour is consistent 
with previous observation, depends on the PBI2+ concentration, and does not suppress any 
photo-induced processes with suitable donors when positioned in close proximity or covalently 
attached.[28] 
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Figure 5.7. Differential absorption spectra (visible and near-infrared) of PBI2+ (1.0 × 10-5 M) obtained 
upon femtosecond flash photolysis (530 nm) in a hydrochloric aqueous medium (pH 2.5) with several 
time delays between 1 and 7500 ps at r.t. 
 
This conclusion sets the basis for PBI2+ to leverage photo-induced water oxidation catalysis in 
an aqueous environment. To this end, we have looked into the redox potentials of the PBI2+ 
singlet excited state, photo-generated in water according to the laser-flash photolysis 
experiments. Considering the experimental ground state potential,  E(PBI2+/1+) found at -0.32 V 
vs Ag/AgCl, and the PBI2+ singlet excited state energy of 2.30 eV, its redox potential 
E(PBI*2+/1+) amounts to be +1.98 V vs Ag/AgCl, namely +2.18 V vs NHE. It worthy to 
underline the elevate redox potential measured, slightly more positive than that of Cerium 
Ammonium Nitrate (CAN, +1.75 vs NHE), one of the most powerful one-electron oxidants 
commonly employed, and significantly more positive than that of [Ru(bpy)3]
3+/2+ (+1.26 vs 
NHE).[31] 
Based on these results, *PBI2+ is expected to promote a cascade of photoinduced electron 
transfer reactions from Ru4POM driving its staircase oxidation to the high valent intermediates 
responsible for water oxidation.[32] Indeed, when probed by CV under the same pH conditions, 
Ru4POM manifold shows at least four oxidation steps (at +0.66, +0.90, +1.13, +1.35 V vs NHE) 
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immediately followed by an onset of the catalytic current due to water oxidation at around +1.4 
V vs NHE. 
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3. Characterization of the PBI2+@Ru4POM photosynthetic assembly  
The electrostatic assembly of PBI2+ with Ru4POM is expected to yield an electron donor-acceptor 
hybrid, in which the primary photo-induced electron transfer event occurs from the ruthenium 
catalyst to the PBI2+ singlet excited state (*PBI2+). In this process, the one-electron reduced form of 
the photosensitizer (PBI+) is generated through the parallel one-electron oxidation of the Ru4POM 
core (Ru4POM(h
+)). A stepwise, multiple electron transfer mechanism is then envisaged for the 
ruthenium manifold to climb through the one-electron spaced oxidation states (Ru4POM(nh
+)), 
upon sequential light flashes, in close analogy to the natural PSII reactive core.[32] 
Characterization of the PBI2+@Ru4POM hybrid has been performed by conductometric titration, 
spectrophotometric titration, ζ-Potential analysis, fluorescence quenching experiments and SAXS 
analysis. Insights into the sensitizer-catalyst self-assembly have been collected in a broad pH range 
(2.5 – 7.0) and different concentrations (5.0 × 10-7 – 5.0 × 10-5 M), with convergent results. 
The stoichiometry of the ionic interactions has been initially assessed by conductometric titrations, 
where at pH 2.5 the equivalence point is reached at a PBI2+/ Ru4POM
 ratio of ca. 4 : 1.[33] On the 
other hand, this ratio is changing while the pH increased (3.1:1 for pH = 5.2 and 2.5:1 for pH 7). 
These results present a variation of the ratio depending on the pH value. 
                  
Figure 5.8. From left to right, conductimetric titration of Ru4POM (5 × 10-5 M) with PBI2+ in a hydrochloric 
aqueous medium (pH 2.5) at r.t., and plot of optical density measured at 501 nm vs 
[Ru4POM]/([Ru4POM]+[PBI2+]). The two graphs confirm the same stoichiometry value 
  
The strong ionic association is confirmed by clear isosbestic points (455 and 562 nm) revealed in 
the absorption spectrophotometric titrations (Figure 5.9), where the absorption spectrum of PBI2+ 
(pH 2.5, 2.85 × 10-5 M) features a progressive modification of the two bands at 501 and 539 nm, 
showing a continuous decrease upon addition of Ru4POM (6.50 × 10
-7 – 0.85 × 10-5 M). Analysis of 
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the titration curve at 501 nm confirms a (PBI2+)4@Ru4POM association stoichiometry, as provided 
by the conductimetry. Fluorescence experiments performed upon excitation at 480 nm, confirm 
strong electronic interactions between the two components, as the PBI2+ emission intensity 
undergoes to an exponential decrease upon addition of Ru4POM. At pH 2.5, this leads to a complete 
quenching of the PBI2+ emission (pH 2.5, [PBI2+] = 5 × 10-6 M and [Ru4POM] = 6.6 × 10
-8 – 1.3 × 
10-6 M). In order to reveal any eventual different behaviour of the hybrid system at different pH 
condition, absorption and emission spectrophotometric titrations were repeated at pH 5.2 and 7. The 
progressive change of the PBI2+ pattern of signals was confirmed as well as the formation of 
isosbestic points with negligible differences for their position if compared with pH 2.5 experiments 
(452 and 565 nm at pH 5.2, 436 and 472 nm at pH 7.0). The abovementioned fluorescence 
quenching of PBI2+ was as well confirmed. 
                   
Figure 5.9. Spectrophotometric titrations of PBI2+ (2.85 × 10-5 M, black line) in a hydrochloric aqueous 
medium (pH 2.5) with Ru4POM (up to 0.4 eq.) that leads to the progressive formation of the 
PBI2+@Ru4POM hybrid 
 
ζ-Potential analyses support conductimetric results. A remarkable inversion of the surface charge 
related to PBI2+ (pH 2.5, 5.2 and 7, 2.5 ×10-5 M) is observed upon addition of Ru4POM; the initial 
positive value of about +30, +10 and +5 turns to -30 for all the samples when the PBI2+/ Ru4POM 
ratios verified by conductimetric titrations are reached. 
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Figure 5.10. ζ-Potential measurements of PBI2+ in a hydrochloric aqueous medium of pH 2.5 (2.5 × 10-5 M, 
red) and upon addition of variable Ru4POM concentrations (0.6 × 10-5 M, purple; 1.2 × 10-5 M, black; 1.9 × 
10-5 M, blue; 2.5 × 10-5 M, green) 
 
Coming to the structural analysis of the hybrid PBI2+@Ru4POM we used SAXS measurements. As 
first experiments, Ru4POM was measured at pH 2.5, 5.2 and 7 for figuring out if the pH is affecting 
it. Decreasing pH value, there is a slight increase of the slope in the low q-region which is a hint of 
particle aggregation. In addition, the distance distribution functions (PDDF) of the corresponding 
Ru4POM measurements clearly indicate an increasing molecular interaction with decreasing pH.
[34] 
In detail, the PDDF of Ru4POM at pH 2.5 suggests the formation of Ru4POM dimers in the 
solvent.[35]  
Subsequently, the hybrid PBI2+@Ru4POM was measured at corresponding pH values. Due to the 
heavy atom content of the Ru4POM compared to the PBI
2+ molecules, the scattering is dominated 
by the Ru4POM. All patterns clearly show aggregation to a higher ordered structure. Using the 
Porod approximation, a power law fit reveals a slope in the low-q regime of -2.26 [a.u.] which 
indicates the formation of a plate-like superstructure. From the Guinier approximation for large 
plate-like particles a plate thickness of 𝑇 =  √12 ∗ 𝑅𝐺 = 6.7 𝑛𝑚, 4.9 𝑛𝑚 and 4.6 𝑛𝑚 for pH 2.5, 5 
and 7 can be estimated, respectively. 
Additionally, in all measurements, but most distinct for pH 2.5, a peak around 5 nm-1 is visible. The 
representation of the data in the Kratky plot emphasizes this feature, as well as a second peak at ca. 
3 nm-1. In order to reveal the underlying molecular structure, we performed further SAXS 
measurements on evaporation dried powder samples from which the exact peak positions according 
to d-spacing of 2.03 and 1.24 nm could be determined. 
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Figure 5.11. A) SAXS spectral pattern for PBI2+@Ru4POM solutions prepared at 3 different pH values. B) 
The zoom of A) image doesn’t reveal any relevant difference among the spectral patterns in the different 
conditions 
 
The dimensions of the molecular Ru4POM structure show a vertical size of 1.96 nm and two 
distinct lateral dimensions of 1.19 and 0.96 nm due to the perpendicular alignment of the Ru4POM 
groups.[35] The formation of plate-like particles implies two energetically favourable directions 
which in the case of the Ru4POM complex can only exist perpendicular to its long axis. Therefore, 
the plate-thickness of less than 7 nm only allows about 3 monolayers, assuming the Ru4POM 
molecules are aligned with their long dimension perpendicular to the platelet plane. Due to this 
small number of possible diffracting planes, the disordered peaks seen in the SAXS measurements 
have to be the result of the highly disordered in plane molecular alignment. 
 
The disordered peak was correlated to a d-spacing of 1.24 nm due to a direct Ru4POM•Ru4POM 
assembly with a possible partial intercalation of PBI2+. Assuming the intercalation of two PBI2+ 
molecules interacting with a π-π stacking distance of 0.36 nm [36]  between two Ru4POM molecules 
would give rise to a d-spacing of 2.03 nm, the second peak could be explained. The significant 
difference in the peak intensities for the different pH values can be related to the formation of 
Ru4POM dimers with decreasing pH value. If we assume an instantaneous attachment of PBI
2+ on 
Ru4POM monomers, all single Ru4POM molecules should be covered with approximatively 4 PBI
2+ 
molecules. A subsequent assembly of these PBI2+@Ru4POM agglomerates would therefore lead to 
the favoured Ru4POM•PBI2+•PBI2+•Ru4POM stacking which is also observed in the hybrid 
PBI2+@Ru4POM data for pH 7. However, if there are pre-existing Ru4POM dimers in the precursor 
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(such as for the Ru4POM at pH 2.5) no double stacked PBI
2+ can form between two Ru4POM 
molecules, whereas the existence of Ru4POM dimers should also be visible in the hybrid 
PBI2+@Ru4POM structure. 
 
Figure 5.12. A) molecular structure of Ru4POM as reported in the literature. B) structural model for the 
1.24 nm Ru4POM•Ru4POM repeat distance letting space for possible partial intercalation of PBI2+. C) 
structural model for the 2.03 nm Ru4POM•PBI2+•PBI2+•Ru4POM repeat distance 
 
In order to confirm the structural model proposed on the base of SAXS data, different microscopy 
techniques were used for the characterization of the hybrid material PBI2+@Ru4POM; among them, 
Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM) results will be 
discussed in detail. Starting from AFM images analysis, as blank experiment, PBI2+ samples 
prepared by drop casting of the acidic solution at pH 2.5 were analysed, and small needle-like 
structures were observed. These structures are in close analogy to what already reported in the 
literature for analogues of PBI2+,[37] and reveal the strong tendency of this molecule to self-assemble 
and generate ordered-crystalline structures. Similar results were revealed preparing samples from 
solutions with higher pH values (5.2 and 7). 
The resulting samples after mixing PBI2+ and Ru4POM, in the appropriate ratio suggested from 
conductimetric titrations, showed interesting nanostructures. Images analysis revealed regular 2-D 
plate-like structures well dispersed all over the surface with typical height of ca. 30 nm. For hybrid 
materials prepared by spin coating of acidic solution, the plates dispersion is homogeneous and 
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single objects can be identified, while at pH 7 the surface appears to be covered from more densely 
packed material and the singularity of the aggregates is lost. 
                   
Figure 5.13. PBI2+ nanoaggregates. A) and B), AFM picture at different resolution and C), height profile of 
a portion of the scanned surface 
 
Similar results were obtained performing TEM imaging; in this case, samples grid preparation 
required drop casting technique; this detail has to be mentioned because the need to use a different 
preparation technique influenced the formation of nano-objects, and in general, more dense 
aggregates were observed. As before, PBI2+ samples showed regular-crystalline objects with well-
defined profile, while in the case of the hybrid PBI2+@Ru4POM different structures were noticed. 
In detail, at acidic pH objects reasonably similar to the plate-like structures observed by AFM 
technique can be recognized even if densely packed in an amorphous network, while pH 7 sample 
revealeda very dense and stratified material. We rationalized these results as effect of the 
preparation technique which produced more concentrated sample drops and faster collapse of the 
highly packed hybrid superstructure. 
 
                  
Figure 5.14. PBI2+@Ru4POM nanoaggregates. A) and B), AFM picture at different resolution and                        
C), height profile of a portion of the scanned surface 
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In order to have a deeper and more complete structural vision of the hybrid and more information 
about the properties of this supramolecular dyad, Density Functional Theory (DFT) calculations 
were performed. Before studying the whole assembly, calculations were performed to describe the 
catalytic unit and the chromophore part separately, to obtain a good description of the two building 
blocks before moving to the final model in which the two units were assembled. 
The description of Ru4POM was the most challenging stage, due to the large number of heavy 
atoms present; the starting atomic coordinates were obtained from the already published crystal 
structure[35] and taking as reference previous theoretical studies concerning the intermediate species 
involved in the water oxidative splitting.[38] Moreover, in order to simplify the description of the 
molecular catalyst and keeping the most relevant chemical features, the polytungstate cages were 
removed and substituted with chlorine atoms, in accordance with previous investigations present in 
the literature which point out that the polytungstate cages just have the role to stabilize the inner 
ruthenate core, and their effect could be emulated by chloride atoms with appropriate point 
charges.[35] 
Density Functional Theory (DFT) calculations[39] were performed for the description of the 
Ru4POM model using B3LYP functional
[40] and two different basis sets for a correct description of 
the different elements (respectively 6-311+G(d,p) Pople basis set[41] for H, O and Cl atoms and 
LANL2DZ basis set[42] for Ru atoms). For a correct description of the system in aqueous 
environment, the model was implemented with the polarized continuum approximation (PCM).[43] 
The resulting model was in agreement with data already reported in the literature, with only small 
modifications of the atomic coordinates in comparison with the crystal structure. 
 
                                         
Figure 5.15. Optimized structure of Ru4POM core observed from different angulations (Ru = light blue, O = 
red, Cl = green, H = white) 
 
The next steps regarded the description of Ru4POM core after the 4 oxidative steps which activate 
the catalyst towards water splitting process. All the structures were optimized with the same 
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methodology used for the non-oxidized catalytic core, and the final structures were analysed in 
order to describe the shape and energy of frontier orbitals. Bond length, total energy, and spin 
density charts were produced for a complete description of the radical species. The oxidized 
structures were described starting from the fundamental model discussed before and removing one 
H+ from the water molecules connected to the catalytic core and one electron. For the structures 
produced after the removal of one or two H+/e- couple, it was taken in account the possibility of 
having singlet or triplet species, and the possibility to remove the couple in different positions. 
 
 
Figure 5.16. From left to right, top view of the model structure for the tetra-ruthenated core of Ru4POM and 
the resulting oxidized structure (Ru = light blue, O = red, Cl = green, H = white) 
 
In the case of the second oxidation step, when the second couple H+/e- is removed from two non-
identical positions, the removal from opposite sites appears to produce the most stable species. 
Moreover, the possibility to produce singlet and triplet states was taken into account; the evaluation 
of the total energy for the different structures revealed that triplet states were the most stable 
structures. A gradual distortion of the molecular skeleton, with elongation of Ru-O bonds, is 
revealed passing from one oxidized species to the next. The HOMO-LUMO orbitals were localized 
over defined metallic cores instead of being fully delocalized over the molecular scaffold. Only the 
non-oxidized core and the most oxidized structure possess C2 symmetry; this is reasonable 
considering that only the non-oxidized and the 4-times oxidized structures present all the transition 
metal centres with the same chemical environment at the same time, while in the other cases a 
different number of water molecules or hydroxy- species can be found in the coordination sphere of 
Ru-atoms. The analysis of potential charge distribution map points out that the progressive 
oxidation of the tetra-ruthenated cage results in an increase of the oxidation state of Ru-centres but 
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is not equally distributed among the four atoms (with distribution among 2.5 and 2.8); data are 
consistent for the catalytic mechanism proposed for Ru4POM, where the oxidation states are 
unsymmetrically distributes and, formally, one ruthenium atoms assumes oxidation state (VI), two 
centres oxidation state (V) and the last one (IV).[38] After describing the Ru4POM core and the 
relative oxidized species with B3LYP functional, we considered M06-2X functional[44] in order to 
improve the description of transition metals. Although no big differences were found for the 
geometry of the molecular skeleton, the total energy of the species and the HOMO-LUMO gaps 
showed elevate values, not in accordance with the experimental data. 
 
Entry 
Sum 
(Å) 
Ru1-O1 
(Å) 
O1-Ru2 
(Å) 
Ru2-O2 
(Å) 
O2-Ru3 
(Å) 
Ru3-O3 
(Å) 
O3-Ru4 
(Å) 
Ru4-O4 
(Å) 
O4-Ru1 
(Å) 
ox. 0 14.94 1.86 1.87 1.86 1.87 1.86 1.87 1.86 1.87 
ox. 1 15.28 1.93 1.83 2.04 1.83 1.99 1.82 2.00 1.84 
ox. 2 15.24 1.92 1.83 2.03 1.84 1.93 1.83 2.03 1.84 
ox. 3 15.21 1.95 1.84 2.00 1.84 1.96 1.84 1.96 1.84 
ox. 4 15.06 1.76 1.91 1.82 2.04 1.76 1.92 1.83 2.04 
 
Table 5.1. Length distances between the Ru- and O-atoms in the tetra-ruthenate cage before and 
after the oxidative removals of H+/e- couples 
 
The second step was the optimization of the PBI2+ chromophore; the DFT investigation was 
performed using B3LYP functional, 6-311+G(d,p) Pople basis set, IEF-PCM model as for Ru4POM 
in order to have compatible results for the preparation of the final model. After the description of 
the ground state equilibrium geometry, the mono- and bis-reduced states were investigated. For all 
structures, the total energy, the frontier orbitals energy and the HOMO-LUMO energy gap were 
calculated. In order to have a benchmark of the model, UV-Vis and IR simulated spectra were 
produced, and they resulted in good agreement with the experimental data. 
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Entry HOMO-1 
(eV) 
HOMO 
(eV) 
LUMO 
(eV) 
LUMO+1 
(eV) 
Δ E 
(eV) 
PBI2+ -11,28 -9,89 -7,85 -6,29 -11,29 
*PBI2+ -11,34 -9,59 -8,29 -6,34 -11,34 
PBI·+ -6,53 -5,36 -4,76 -3,35 -6,54 
PBI -3,66 -2,35 -1,32 -1,32 -3,66 
 
Table 5.2. Predicted energy values for MOs evaluated of PBI2+ and related structures  
 
The final step was the assembly of the two parts to build the dyad, which was obtained by 
combining the geometry of PBI2+ with Ru4POM non-oxidized structure. Due to the very big size of 
the final complex, preliminary results were obtained considering only single-point energy 
calculations. In order to estimate the distance at which the two species would interact, several 
single-point energy calculations were performed, and an average distance of 0.275 nm appeared to 
be in accordance with SAXS experimental data (0.294 nm). 
Further investigations of the full system are under progress (optimization of the full structure, 
optoelectronic properties analysis), but preliminary results need further analysis and won’t be 
discussed in the present thesis. 
                   
Figura 5.17. Theoretical prediction of the equilibrium distance between PBI2+ and Ru4POM 
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4. Time-resolved spectroscopy and photocatalytic water oxidation 
Upon self-assembly in water, the PBI2+@Ru4POM electron donor-acceptor hybrid provides a multi-
site array of the charged sensitizer binding the water oxidation catalyst due to strong electrostatic 
interactions. The photo-induced response of the resulting hybrid structures has been investigated by 
femtosecond pump probe experiments, with the aim to address: (i) the evolution of the sensitizer-
catalyst units to a charge-separated state; (ii) the mechanism and kinetics of photo-induce electron 
transfer; (iii) the nature of photo-generated intermediates; (iv) their lifetime and competitive 
recombination kinetics. These latter will dictate the overall performance of the photosynthetic 
assembly and quantum efficiency of the envisaged photo-catalytic cycle enabling water oxidation. 
In agreement with the spectrophotometric titration, the PBI2+@Ru4POM electron donor-acceptor 
hybrid has been generated in water (pH 2.5, 10-6 M) and probed upon excitation with a 530 nm laser 
source. A differential absorption spectrum develops immediately after laser excitation, with minima 
at 490, 515, and 577 nm originating from the PBI2+ ground state bleaching, and maxima at 430 nm 
as well as at 680, 748, 843, and 994 nm.  
 
          
Figure 5.18. On the left, differential absorption spectra of PBI2+@Ru4POM (1:1 ratio) obtained upon 
femtosecond flash photolysis (530 nm) in hydrochloric aqueous solution (pH 2.5) at room temperature (inset 
displays the differential absorption spectrum with a time delay of 160,1 ps). On the right, time absorption 
profiles of the differential spectra at 430 (grey – one electron oxidized form of POM), 490 (black – one 
electron reduced form of PBI2+), and 840 nm (red – one electron reduced form of PBI2+), monitoring the 
charge separation and charge shift 
 
These new signals, formed with the concomitant disappearance of the ground-state features, are 
ascribed to the one-electron oxidized Ru4POM(h
+)[45] and to the one-electron reduced PBI•+,  
respectively.[29] The spectral signatures of the PBI•+@Ru4POM(h
+) radical ion pair state correspond 
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to literature observations. In particular, the red-shifted and broad absorption bands in the 600-1000 
nm range are indicative for PBI•+ in water.
[29, 30] Accordingly, photoexcitation of the 
PBI2+@Ru4POM electron donor-acceptor hybrid is followed by an intramolecular charge 
separation[8, 25] driven by the strong electron accepting PBI2+ that leaves the first “hole” on the 
ruthenium catalyst. Inspection of the time-resolved transient spectra shows that the lifetime of the 
PBI•+@Ru4POM(h
+) radical ion pair amounts to 136 ps. This is confirmed by a kinetic analysis 
across the visible and the near infrared region through monitoring the fading of the Ru4POM(h
+) 
and PBI•+ signatures at 430 and 840 nm, respectively, mirrored by the bleaching recovery of the 
ground state at 490 nm.  
In this system, recombination processes, which occur in the hundreds of picoseconds regime, are 
too fast to guarantee the sequential “hole-accumulation” at the water oxidation catalyst. In other 
words, the system is turned off even before any rate determining catalytic event can take place. To 
shuttle electrons far from the catalytic moiety and avoid recombination, a terminal electron acceptor 
is generally introduced. A particularly successful strategy is based on the so-called sacrificial cycle 
by employing persulfate (S2O8
2-) as additional component to the reaction mixture. Persulfate acts as 
irreversible electron sink as it breaks down into sulphate radicals (SO4
•-) and di-anion (SO4
2-) upon 
one-electron reduction. The impact of persulfate addition onto photo-induced PBI•+@Ru4POM(h
+) 
radical ion pair state has been probed by time-resolved spectroscopy performed under analogous 
conditions.  
          
Figure 5.19. On the left, differential absorption spectra of PBI2+@Ru4POM (1:1 ratio) registered in the same 
conditions of Figure 5.18, but in presence of 0,05 M persulfate (inset displays the differential absorption 
spectrum with a time delay of 160,1 ps). On the right, time absorption profiles of the differential spectra at 
430 (grey – one electron oxidized form of POM), 490 (black – one electron reduced form of PBI2+), and 840 
nm (red – one electron reduced form of PBI2+), monitoring the charge separation and charge shift 
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Entry [PBI2+] (M) [Ru4POM] 
(μM) 
[Persulfate] Total O2 
amount 
(μmol) 
TON Persulfate 
yield (%) 
 
a 5 10-4 5 5 10-3 1.21 16.11 3.22 
b 5 10-4 25 5 10-3 2.40 6.41 6.40 
c 5 10-4 5 10-3 1.29 17.23 17.20 
d 5 10-4 15 10-3 3.45 15.35 45.97 
e 5 10-4 25 10-3 2.48 6.62 33.05 
f 5 10-4 50 10-3 1.66 2.21 22.09 
g 5 10-4 15 10-3 7.50 33.38 100.00 
 
Table 5.3. Summary of the conditions scanned for the O2 evolution experiments at pH 2.5 
 
Gradual addition of S2O8
2-, in the concentration range from 1 × 10-4 – 5 × 10-2 M, leads to a 
remarkable modification of the PBI•+@Ru4POM(h
+) radical ion pair state dynamics. In particular, 
the decay of the one-electron reduced PBI•+ is accelerated to 69 ps in the presence of 0.05 M 
persulfate; this is taken from the decay of the 840 nm absorption. Importantly, the persulfate attack 
on PBI•+ is instrumental to obtain a steady-state concentration of the mono-oxidized Ru4POM(h
+), 
which survives the 8 ns time scale of the experiments. This is confirmed by the persistence of the 
positive absorption feature in the transient spectrum observed at 430 nm. Control experiment with 
sulphate by-product, showed no appreciable impact neither on the spectroscopy nor on the kinetics 
of the radical ion pair state. 
 
Figure 5.20. Energy steps that PBI2+@Ru4POM has to pass through during the photocatalytic cycle. In the 
table, life-time for the active forms of the photosensitizer and the catalyst in the different experimental 
conditions 
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Fast electron scavenging by persulfate has a two-fold advantage: it restores the sensitizer in its 
initial state and extends the lifetime of the high-valent ruthenium sites into the nano-second regime. 
This observation sets the basis for the functional up-grade to a complete photocatalytic cycle, 
leading to oxygen evolution in water under visible light irradiation.  
In this context, light-induced water oxidation experiments have been performed in aqueous HCl 
solutions (pH 2.5), containing a mixture of PBI2+ (0.5 mM), S2O8
2- (1 mM) and Ru4POM (5-50 
μM), with a 505 nm excitation wavelength (2.28 × 10-8 einstein s-1); the latter corresponds to the 
PBI2+ absorption maximum.  
Oxygen evolution is observed with well-behaved kinetics, long operation time (> 8h) and 
conversion yields up to >98%. Noteworthy, the photo-oxidation kinetics depend strongly on the 
catalyst amount, with a bell-shaped profile, with maximum rate for [Ru4POM] = (15 μM). This also 
determines the overall quantum efficiency (Q.E.) of the reaction, which is found in the 3-6% range.  
To elucidate this point, it is important to consider that the photosynthetic assembly is formed in 
water by a favourable interplay of hydrophobic and electrostatic interactions. In particular, both 
anionic components, that are Ru4POM catalyst and the sacrificial S2O8
2- oxidant, complements the 
positive charges of the stacked PBI2+ photosensitizers, yielding a mixture of aggregates that 
equilibrate in solution. 
 
Figure 5.21. O2 evolution kinetics of three sequential photocatalytic cycles obtained upon irradiation 
(monochromatic LED emitting at λ = 505 nm, photon flux = 2.28 × 10-8 einstein s-1) of a 14 mL solution of 
Na2S2O8 (1.0 × 10-3 M), PBI2+ (0.5 × 10-3 M) and Ru4POM (15 × 10-6 M) in 20 mM phosphate buffer, pH 
7.0. After each photocatalytic cycle the reaction mixture was treated with sonic bath irradiation (30’) and 
purged with nitrogen 
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Such photosynthetic hybrid, held together by non-covalent interactions, undergoes dynamic 
evolution in terms of composition and dimensions, as a function of overall concentration, relative 
amount of the ionic components and pH value. The lowering of Q.E. upon increasing Ru4POM 
concentration is ascribed to a modification of the photosynthetic assembly which fosters 
unproductive recombination pathways. 
On the contrary, a high persulfate loading is instrumental for a Q.E. peak value of ca. 6% ([S2O8
2-] 
= 5 mM). These findings are consistent with the strong impact of persulfate concentration on the 
dynamics of the photogenerated PBI•+@Ru4POM(h
+) radical ion pair state, promoting “hole 
accumulation” on the WOC domain, as highlighted by flash photolysis studies.  Absorption analysis 
of the reaction mixtures confirms the robustness of the photosynthetic ensemble over time, as the 
typical PBI2+ features are preserved. This trend is markedly different from the generally used 
Ru(bpy)3
2+ photosensitizer, whose degradation sets in during photocatalysis leading to irreversible 
deactivation. 
 
Figure 5.22. Absorption analysis (optical path 1 mm) of the reaction mixture before and after oxygen 
evolving catalysis. Conditions: Na2S2O8 (1.0 × 10-3 M), PBI2+ (0.5 × 10-3 M), Ru4POM (15 × 10-6 M) in a 
hydrochloric aqueous medium of pH 2.5.  The slight shift of the baseline is likely due to light scattering by 
aggregates 
 
In the PBI2+@Ru4POM system, the levelling off in terms of oxygen yields is ascribed to extensive 
colloid clustering and particle precipitation, which produces an intense light scattering. 
Interestingly, the photosynthetic particles are restored to their activity upon sonication and stirring, 
with reproducible kinetics and performance along several reaction cycles.  
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5. Supramolecular surface assembly of oxygenic PBI2+@Ru4POM 
Immobilization of photosynthetic systems on tailored surfaces is a key step for confinement 
strategies, device implementation and capacity scaling-up. We show herein that a facile interfacial 
assembly of photoactive PBI2+@Ru4POM occurs on a glass substrate in aqueous phase. Our 
approach builds on the solution study and targets the surface deposition of a layered PBI2+ coating, 
which turns out to provide a 2D-array of positive charges for Ru4POM anchoring.
[1, 2, 46] A polished 
glass substrate has been decorated with PBI2+ upon spray coating of a 10-4 M solution in DMF, 
heating at 200˚C and extensive washing to remove soluble residues. The purity and stability of the 
PBI2+ coating is confirmed by FT-IR and Raman analysis. When immersed in an aqueous solution 
(60 mM phosphate buffer, pH 7) containing both Ru4POM (6 ×10
-5 M) and S2O8
2- (0.5 mM) and 
exposed to visible light irradiation, vigorous oxygen evolution nucleating from the photoactive 
surface is observed. Moreover, analysis of the oxygenic glass recovered after photocatalysis shows 
assembly of  PBI2+@Ru4POM
  on the surface, as appears from the FT-IR features of the resulting 
film which include signals at 1000 – 750 cm-1 typical of the polyoxometalate domains.[45] The 
electrostatic capture of the polyanionic WOC by positive surface charges has been previously 
demonstrated for functionalized carbon nanotubes, graphene and polymeric materials.[1, 2, 46]  
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Figure 5.23. Raman (left) and FT-IR (right) spectra of the PBI2+ coating on a glass surface before 
(black) and after photocatalytic water oxidation (red) induced upon irradiation at 532 nm within a 
solution mixture containing Ru4POM (6 × 10
-5 M) and Na2S2O8 (5 × 10
-4 M) 
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6. Conclusion - outlook 
The fascinating potential of PTCDIs for solar energy storage is herein demonstrated in water, under 
visible light irradiation and within an exceptionally broad pH window featuring the unprecedented 
combination with a totally inorganic and very robust molecular catalyst. Beside the relevant results 
obtained, the production of these hybrid materials clearly put in evidence that the performances of 
the catalytic system could be improved and other perylenes core-based photosensitizers has to be 
synthesized and tested for reaching this goal. 
Nevertheless, the positive results obtained for the PBI2+@Ru4POM support further tests for the 
synthesis of the hybrid material PBI2+@CNTs in order to go on in the direction of the final 
assembly CNTs@PBI2+@Ru4POM. 
As a perspective, a small library of water soluble perylenes will be synthetized. They will keep 
structural analogy with PBI2+ but present halogen substituents around the aromatic core in order to 
induce both structural and electrochemical differentiation and offer valid alternatives to PBI2+. The 
new poly-cationic PTCDIs with different degree of solubility and different photochemical features 
will be tested as well using the same strategy showed for PBI2+@Ru4POM hybrid study. 
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Chapter 6 
Synthesis of the supramolecular hybrid PTCDI@CNMs  
 
1. Introduction 
 In the previous Chapter, the efficiency of PBI2+@Ru4POM suggested the employ of PBI
2+ as 
anchoring molecule to CNMs in substitution of covalent functionalization strategies. Non-covalent 
functionalization represents a corner stone, as it is non-destructive meaning that it does not alter the 
intrinsic properties of CNMs. The interest around the combination of the photocatalytic dyad with 
CNMs roots in their appealing characteristics, mainly the metallic or semiconducting properties,[1] 
the high surface/aspect ratio, their biocompatibility.[2] In this Chapter the attention will focus on 
some of them, CNTs and graphene (Gr), in order to keep an analogy with the works previously 
developed from Toma[3] and Quintana,[4] and here improved. 
Carbon Nanotubes (CNTs) are one of the most interesting materials of our times, with unique 
electronic[5] and mechanical[6] properties which make them suitable for several applications in 
technical sciences[7] and biomedical applications.[8] Graphene, a two-dimensional carbon allotrope 
composed of a single layer of carbon atoms, has rapidly generated great interest since its 
experimental isolation, [9] thanks to its extraordinary properties which made it suitable for several 
different applications ranging from pharmaceutical field[10] to surface science.[11] Among all, the 
outstanding electronic properties of graphene (gapless band structure, high charge carrier room 
temperature mobilities)[12] encouraged studies on this carbon nanoform for novel high-performances 
electronic devices.[13] 
 
 
Figure 6.1. Representative cartoons for some of the most widely employed carbon nanoforms 
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Non-covalent functionalization of carbon nanoforms takes advantage of the supramolecular 
approach and involves adsorption of various inorganic and organic molecules; for example, 
surfactant can interact with the sidewall of a nanotube via different typologies of forces (including 
π-π stacking, van der Waals or charge transfer interactions).[14] The structural characteristic of 
PTCDIs encouraged several research groups in the development of a variety of perylene core-based 
molecules for CNMs non-covalent functionalization. In the last years some works appeared in 
literature describing the capability of perylene derivatives to solubilize nanotubes and to form 
hybrid materials with them. Indeed, the extended π-system of the perylene moiety can bind to 
hydrophobic/aromatic molecules, including carbon nanotubes (CNTs) as is presented in the works 
from Hirsch group with Newkome dendrons and amphiphilic PTCDIs derivatives,[15] from Reich 
and co-workers with the use of amphiphilic PTCDI derivatives[16] or with PEG-PTCDIs derivatives 
as shown from Paik et al.[17] Also in the field of graphene chemistry, the recent use of perylene and 
porphyrine derivatives as exfoliating agents produced several intriguing graphene-based hybrids,[18] 
revealing for example high energy transfer rates between the attached molecules and the graphene 
layer.[19] 
 
 
Figure 6.2. Structures of some of the compounds proposed from Hirsch et al. in reference [15] 
 
In this Chapter, the preparation of hybrid materials based on the interaction of perylene diimides 
and carbon nanoforms will be presents. All the PTCDI@CNMs hybrid materials will possess water 
solubility provided from the positively charged groups localized over perylene scaffold. The 
examination of the changes of the properties of the hybrid materials is the principal purpose of the 
study. PBI2+ is included in the study as the most promising candidate for the final three-component 
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system devoted to water splitting (see Chapter 5), but also a brominated derivative of PBI2+ (2Br-
PBI2+) is tested in order to for having access to a comparative study in which it could be possible to 
investigate surfactant molecules with different curvature of the aromatic core. 
                          
Figure 6.3. Structures of the two sample compounds, PBI2+ (left) and 2Br-PBI2+ (right) 
 
The PTCDIs@CNTs hybrid materials were characterized by optical absorption and emission 
spectroscopy, ζ-potential measurements, Raman spectroscopy and AFM and TEM microscopies. 
The collected data revealed that the CNMs are well dispersed in aqueous solutions; with particular 
regard to CNTs, preferences to small diameter CNTs is observed. In addition to the solubility 
results, changes of PTCDI spectral patterns indicated charge transfer phenomena among the 
components of the hybrid materials. From these results we observed PTCDIs tuned photochemical 
properties which were caused by the non-covalent interaction with the CNMs. With this 
investigation of the dispersion process and the π-π interactions by different characterization 
techniques, a new way for the synthesis of new supramolecular nano-hybrids with specific 
geometry based on the 1D/2D structure of CNMs and with tunable optical properties is proposed.    
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2. Synthesis and characterization of the hybrids   
The two molecules are characterized from the presence of the same organic pendant in the imide 
position, but they differ for the geometry of the aromatic core. 
All the derivatives used for this work exhibit adequate solubility in aqueous media. Absorption 
spectroscopy revealed inversed intensity distribution among their vibronic states with A0→0/A0→0 ~ 
0.7.[20] Accordingly to the calculated values for PBI2+ and 2Br-PBI2+, the folding ability is major for 
PBI2+ due to a completely planar aromatic core which offers the possibility to the molecules to 
establish strong π-π interactions, while the higher A0→0/A0→1 ratio for 2Br-PBI2+ is justified by the 
curved aromatic core that negatively modulates the intensity of intermolecular aromatic stacking; 
fluorescence spectra further confirm the data mentioned before. 
 
Figure 6.4. Normalized optical-absorption and emission spectra of PBI2+ aqueous solution (c = 2 10-5 M, 
graph A) and 2Br-PBI2+ aqueous solution (c = 2 10-5 M, graph B) (respectively black and red-dashed line). 
A0→0/A0→1 = 0.63 (PBI2+) and 1.00 (2Br-PBI2+) 
 
The preparation of the hybrid materials regarded in the first part of the project HiPco SWCNTs and 
graphene; in the case of graphene, the precursor was raw graphite which would be exfoliated during 
the interaction process. The choice of graphite/graphene for the construction of the hybrids is 
related to the final perspective to prepare an assembly inspired to the one described from Quintana 
et al. (Chapter 5.1).[4] Instead of directly focusing on the construction of PTCDI@MWCNTs in 
analogy to the work of Toma et al.,[3] SWCNTs were chosen because of their minor dispersability; a 
successful protocol of solubilisation for SWCNTs could be easily adapted to MWCNTs and 
eventually to the study of other nanoforms (such as SWCNHs), thus to explore the universe of the 
most common CNMs. The exfoliation procedure simply consisted in the preparation of a mixture of 
SWCNTs in an aqueous solution of the surfactant at constant concentrations of 1 mg/mL followed 
by sonication (2 hours), homogenization of the mixture (stirring at r.t. for overnight) and 
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centrifugation (1 hour, 3000 rpm). After centrifugation, supernatant solution was then subjected to 
spectroscopic and microscopic characterization. An aliquot from the supernatant was filtered, 
followed by washing, for Raman spectroscopic studies. 
 
Figure 6.5. Pictorial representation of the preparation protocol 
 
Simply by eye inspection it can be estimated that significant uptake of SWCNTs into aqueous 
solution has taken place, as the solutions are significantly darkened. The resulting dispersions were 
stable for weeks without observation of any visible precipitation. 
                  
Figure 6.6. From left to right, Vis-NIR spectra of PTCDI@HiPco SWCNTs hybrids vs pristine material. All 
UV-Vis-NIR spectra are normalized to the absorbance minimum between the S22 and S11 (respectively at 807 
and 789 nm) for a better comparison 
 
The spectrophotometric analysis of PTCDI@SWCNTs sample solutions in the UV-Vis region (300-
700 nm) revealed that the main pattern of signals is produced by perylene core. Comparing the 
behaviour of PBI2+ and 2Br-PBI2+ alone, a large quantity of non-interacting surfactant is still 
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present in solution, as put in evidence by an A0→0/A0→1 ratio comparable with starting materials 
solutions. A more accurate analysis revealed a shift of perylene core-generated pattern of peaks; red 
shift was observed for 0→0 and 0→1 transition peaks of 3 nm for PBI2+, while 5 nm blue shift is 
observed for 2Br-PBI2+ samples. Moreover, Vis-NIR region was characterized by the presence of 
different peaks which can be ascribed as van Howe singularities produced from the different chiral 
nanotubes solubilized. 
For what concerns graphene-based hybrids, it was possible to observe that graphene layers 
subtracted perylenes from self-aggregation phenomena, strongly evident for PBI2+ hybrid material 
which presented a large blue shift of 12 nm; a small shift is also registered for 2Br-PBI2+ hybrids (2 
nm). An explanation for the different results can be found in the geometry of the different 
compounds: PBI2+ and 2Br-PBI2+ possess a similar structure except for the planarity of the core, 
which is distorted in the case of 2Br-PBI2+ due to the presence of substituents in the 1,7 positions, 
with a tilting angle of the core of around 24° (for more detailed analysis see Chapter 8). The 
planarity of PBI2+ allowed the molecule to efficiently interact with graphene surface, while the 
distortion of 2Br-PBI2+ makes π–π interactions less effective. 
 
 
Figure 6.7 Comparison of the RBM region from the Raman spectra the two different PCTDI@HiPco 
SWCNTs hybrids vs pristine HiPco SWCNTs. A) λexc = 532 nm, normalization at 273 cm-1;  B) λexc = 785 
nm, normalization at 270 cm-1; C) λexc = 532 nm, normalization at 185 cm-1; D) λexc = 785 nm, normalization 
at 200 cm-1) 
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In order to confirm results from the absorption spectra, Raman spectroscopy was performed. The 
dominant pattern of peaks is produced by carbon nanotubes, and G/D bands ratio was not changing 
in comparison with pristine material. This simple evidence confirms the success non-covalent 
functionalization and the absence of new defects over the CNTs scaffold.  
From the analysis of RBM region (Figure 6.7), PBI2+-based samples showed enrichment in 
semiconducting tubes while 2Br-PBI2+ appeared appropriate for the solubilisation of tubes with a 
medium diameter of 1.10 nm. The different behaviour was related to the different geometry of the 
core; the distorted structure of 2Br-PBI2+ appeared to be suitable for tubes surface of a certain 
curvature radius and there is no any particular selectivity between metallic and semiconducting 
chiralities. On the other hand, PBI2+ is planar and cannot express any kind of selectivity on the base 
of geometric parameters (such as tubes diameter), so it solubilizes mainly tubes for which there was 
the best overlap between the reciprocal molecular orbitals. In order to have a better insight on the 
way PTCDI molecules are displaced over CNTs, Density Functional Theory (DFT) investigation 
was performed. In details, the two model systems consisted in one PBI2+ or 2Br-PBI2+ molecule 
interacting with a SWCNTs fragment; (8,3)- and (7,5)-chiralities were respectively chosen for the 
two models taking in account experimental data. The models revealed that PTCDI molecules are 
displaced at similar distance from nanotubes surface (0.31 and 0.32 nm for PBI2+ and 2Br-PBI2+); 
interestingly, 2Br-PBI2+ tilted molecular skeleton arranged its position in a way to reproduce the 
curvature of nanotube surface. An insight in molecular orbitals from the two models evidence that 
frontier orbitals are localized alternatively on the perylene scaffold or on the nanotubes, suggesting 
that the system could undergo towards charge transfer phenomena, as evidenced from the 
spectroscopic measurements. 
 
                
 
Figure 6.8. From left to right, graphic representation of the HOMO/LUMO orbitals calculated for 
PBI2+@(8,3)chirality SWCNT 
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Figure 6.9. Comparative Raman spectra of pristine PTCDIs vs PTCDI@HiPco SWCNTs hybrids registered 
in the typical spectral range of PTCDIs signals (λexc. = 532 nm) 
 
Interestingly, typical Raman signals originated by the perylene core are blue-shifted in the hybrid 
material if compared with spectral fingerprint of pristine PTCDIs. The evidence is particularly clear 
for PBI2+, and specifically for the signals localized in the spectral range between 1300 and 1400  
cm-1, while other signals are difficult to be recognized since they are localized close to the broad 
spectral feature produced from SWCNTs at 1500-1600 cm-1.  
 
 
Figure 6.10. Comparative Raman spectra of pristine PBI2+ and PBI2+@Gr hybrid (λexc. = 532 nm) 
 
Similarly, in PBI2+@Gr assembly, the spectral range between 1300 and 1500 cm-1 is characterized 
by the presence of the peaks produced both from perylene units and graphene layer, and even in this 
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case an evident blue shift of PBI2+ pattern of peaks (~ 10 nm) is reported. For what regards the 
exfoliation capacity of the different surfactant molecules, the band localized at around 2900 cm-1 
indicated a good exfoliation of graphene sheets (aggregates with < 5 layers).[21] 2Br-PBI2+@Gr 
didn’t reveal any specific feature in the region around 2900 cm-1 and any significant change in the 
spectral region localized between 1300-1600 cm-1, thus, the data suggested the inefficiency of 2Br-
PBI2+ in exfoliating/interacting with graphene layers. 
In order to give further proves of the capability of the synthetized surfactant to individualize and 
well disperse SWCNTs and graphene, ζ-Potential measurements were performed. The evaluation of 
this physical property exhibited by particle in suspension allows estimating their long-term stability. 
As expected, the value of ζ-Potential measured was positive in all the cases, because the interaction 
between carbon nanoforms and surfactant molecules obliged the positively charged groups to be 
directed in the opposite direction; stabilization of the nano-aggregate would be provided from 
positive interactions established with the aqueous medium. Moreover, high absolute values of ζ-
potential were registered for all the PTCDIs samples and indicated the elevate stability of the 
hybrid.[22] 
 
Sample Average value 
PBI2+@HiPco SWCNTs + 64.2 mV 
2Br-PBI2+@HiPco SWCNTs + 63.3 mV 
PBI2+@Gr + 38.5 mV 
2Br-PBI2+@Gr + 12.9 mV 
 
Table 6.1. ζ-Potential values registered for the PTCDIs-based hybrid materials 
 
Thermo-gravimetric analyses (TGA) gave further information about the constitution of the hybrid 
materials; for what concerns PTCDI@HiPco SWCNTs hybrids, similar weight losses were 
registered with the different surfactants, revealing a similar amount of PTCDI molecules deposited 
around the carbon nanoform surface. Weight losses were calculated in the 200-700°C range and 
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pristine HiPco SWCNTs weight loss was subtracted, resulting in a percentage loss of 27.71 and 
26,43 % for PBI2+ and 2Br-PBI2+ hybrids, respectively. 
 
Figure 6.11. TGA plots for the hybrid materials analyses run under nitrogen flux 
 
Transmission Electron Microscopy (TEM) have been extensively used, but mainly Atomic Force 
Microscopy provided images with sufficient resolution for distinguishing SWCNTs. Throughout the 
scanned area thin bundles of just of few nm were observed, so to demonstrate the good attitude of 
chosen surfactants to de-bundle SWCNTs.  
 
 
Figure 6.12. A) and B), representative TEM images of PBI2+@HiPco SWCNTs suspension on silicon grids. 
C) length distribution: mean length 379 ÷ 172 nm 
 
A statistical analysis of the observed SWCNTs allowed to define a mean length of solubilized tubes 
of around 400 nm and a mean diameter of 1.5 nm. These CNTs appeared to have larger diameter 
than the average of the pristine material for about 0.5 nm. This is compatible with the dimension of 
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medium-size carbon nanotubes (1 nm diameter) plus the extra-distance required from the surfactant 
molecules for establishing a stable aromatic interaction, as confirmed from computational models. 
 
Figure 6.13. A) and B), representative AFM images of PBI2+@HiPco SWCNTs. C) and D), corresponding 
height profiles. E) diameter distribution: mean diameter 1.47 ÷ 0.53 nm 
 
For graphene-based samples, TEM and AFM images confirmed the capability showed by PBI2+ to 
exfoliate and interact with graphene; several isolated and well-defined graphene sheets were present 
over the sample. The hybrid materials height analysis confirmed Raman results and the most of the 
observed hybrids consisted in more than one graphene layer. 
 
Figure 6.14. A) and B), representative TEM images of PBI2+@Gr suspension on silicon grids. C) 
representative AFM images of PBI2+@Gr and D) corresponding height profiles.  
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Once established a synthetic strategy for the previously described hybrid materials, other possible 
carbon nanomaterials were investigated for the preparation of novel hybrids, as MWCNTs and 
SWCNHs. Moreover, despite to SWCNTs, whose characteristics are strictly related to the chirality 
of the specific tube, in the case of MWCNTs their behaviour is uniformly metallic, while SWCNHs 
can be always considered as semiconductor;[23] thus, the characterization of the samples and the 
study of their properties are simplified due to the absence of a mixture of chiralities or different type 
of materials as in SWCNTs case. 
Using a similar protocol to the one described in the previous paragraphs, hybrid materials have been 
prepared using PBI2+ and 2Br-PBI2+ as surfactant molecules. Regarding UV-Vis-NIR spectroscopy, 
the analysis of perylene core pattern of peaks remaineed of basilar importance, and also for these 
samples spectral data confirm shift of the signals, in the red and in the blue, respectively for PBI2+ 
and 2Br-PBI2+. In addition, similar changes in relative intensity of monomer and dimer absorption 
bands were present and in particular, the enhanced 0→1 absorption is related to aromatic 
interactions between the surfactant molecules and the CNM scaffold. An additional note for the 
morphological characterization can be done based on the microscopy characterization (TEM 
microscopy). The provided images demonstrated the elevated degree of dispersibility reached with 
the employ of PBI2+ and 2Br-PBI2+ (See Chapter 9). 
 
Figure 6.15. From left to right, comparative UV-Vis and Raman spectra (λexc = 532 nm) of 
PBI2+@MWCNTs vs pristine PBI2+. 
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3. Tuning perylene spectroscopic properties 
It was mentioned during the description of the spectroscopic characteristics of the novel 
PTCDI/SWCNTs hybrid materials that a shift of perylene core pattern of peaks was observed, and it 
could be ascribed to charge transfer phenomena. Charge transfer phenomena between perylene 
derivatives and CNTs are already present in literature,[24] and justifiesthe p-doping behaviour 
expressed by PBI2+ towards solubilised SWCNTs,[25] but no any reference has been found for 2Br-
PBI2+ or material with similar core. 
The previously discussed UV-Vis spectroscopy results presented spectral shifts which are in 
agreement with the occurring of charge transfer phenomena, but the value of the observed shift 
could be eventually affected from not-interacting surfactant molecules in solution. Thus, the 
observed spectral shifts were the average of two possible PTCDI materials, (i) the surfactant left in 
solution “unreacted” and (ii) the PTCDI molecule non-covalently bounded to CNT. For this reason, 
an investigation was performed in order to reduce as much as possible the quantity of free surfactant 
in solution and avoid artefacts. The preliminary tests regarded PBI2+@SWCNTs, and several 
different ratios between nanotubes and surfactant were scanned for the synthesis of 
PBI2+@SWCNTs material. 8:1 w/w ratio offered the highest absolute value of bathochromic shift, 
so the procedure was repeated for 2Br-PBI2+@SWCNTs and similar results were obtained. 
 
Figure 6.16. From left to right, UV-Vis and NIR detailed spectra for PBI2+@HiPco SWCNTs hybrids 
prepared using different PTCDI/CNTs w/w ratios 
 
For what concerned PBI2+-based materials, an increased A0→0/A0→1 ratio significantly indicates the 
diminished quantity of free surfactant in solution, and this condition enabled to appreciate 26 nm of 
bathochromic shift for both 0→0 and 0→1 transitions peaks. Regarding 2Br-PBI2+ samples, , 23 nm 
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blue-shift for perylene absorption pattern of peaks is observed, which is comparable with PBI2+ 
materials value. 
The different directions of the spectral shift can be referred to the different attitude showed from the 
perylene scaffold to act as electron donor/acceptor and generate change transfer phenomena in 
different directions; thus, the attitude is modulated from the presence of the halogenated 
substituents. Experimental shifts suggested that PBI2+ acts as electron acceptor respect to SWCNTs 
(red shift of perylene pattern of peaks), while 2Br-PBI2+ acts as donor; future transient absorption 
spectroscopy measurements will clarify the observed phenomena. 
         
Figure 6.17. Comparative UV-Vis spectra for PTCDI@HiPco SWCNTs hybrids 8:1 w/w ratio and pristine 
PTCDIs aqueous solutions 
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4. Conclusions 
A simple protocol for the preparation of novel hybrid materials has been developed, demonstrating 
at the same time the versatility of very simple perylene diimides as surfactant for different carbon 
nanoforms. Indeed, it has been demonstrated how the simple insertion of 2 bromine units in the core 
of the perylene can change the selectivity of the interaction with the different chiralities/types of 
SWCNTs; in addition, the tune of the photochemical profile through weak interactions such as π-π 
stacking was demonstrated. This tuning effect, due to the change in the aromatic core of the 
perylene, opens a new route for the synthesis of 1D materials with the appropriate properties for the 
applied uses. These hybrid architectures are good candidates for the construction of novel electronic 
devices, but also as supporting and/or active surface for (photo)-catalytic processes. 
PTCDI@Gr synthesis stressed out the importance of surfactant molecule geometry; PBI2+ revealed 
to be effective also in the exfoliation of graphite and the solubilisation of the resulting free layers, 
while PBI2+, although some exfoliation was produced, did not efficiently interact with graphene 
layers because of the elevate curvature of their inner core, and results were not satisfactory. 
The last attempts to reduce the presence of eventually present free surfactant molecules gave 
positive results in the case of SWCNTs, so in the next experiments the new optimized conditions 
will be extended to the other hybrid materials preparation, in order to deeply study the charge 
transfer phenomena occurring between the two components of the assembly. 
 
                 
Figure 6.18. Structures of PBI2+-derivatives as possible candidates in the construction of PTCDI@CNMs 
hybrids 
 
As future perspective, the study will be extended to a larger library of PBI2+ derivatives in order to 
further probe the effect of substituents around the perylene scaffold in the construction of 
supramolecular assemblies with carbon nanoforms. 
 
The positive results collected for PBI2+@Ru4POM encouraged tests in the direction of the final 
assembly CNTs@PBI2+@Ru4POM. Preliminary results confirmed the possibility to form the three-
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component system, which has already been characterized by means of UV-Vis absorption 
spectroscopy and TEM imaging. For sure, several more experimental will be collected in the near 
future in order to get a wider vision about the properties of this new class of supramolecular 
hybrids. 
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Chapter 7 
Heterogeneous approach to water oxidation 
Preparation of photoanodes 
 
1. Introduction 
In Chapter 5, a water-soluble dyad able to perform water oxidation process under visible light 
sensitization was described. The potential of PTCDI molecules was demonstrated and the optimal 
combination with molecular Ru4POM catalyst revealed continuous oxygen evolution; the elevate 
stability of the supramolecular hybrid towards oxidative stress guaranteed catalytic activity 
surviving even for long time (up to hours). Another approach based on the employ of PTCDIs as 
photosensitizers in water splitting process was investigated: the realization of active photoanodes 
based on the deposition of perylene dyes over a semiconductor layer. 
The realization of a complete solar cell requires the combinations of two compartments, where the 
oxidative and reductive pathways are separately performed. The two half-cells have to be in 
intimate electronic contact, and the electrons generated from oxidation process has to be precisely 
funnelled to the second compartment, thus the reductive pathway can take place. PTCDI@Ru4POM 
potential has been already described, but the performed tests required the employ of a sacrificial 
agent because the study of a second analogue active in photocatalytic reduction of water was not the 
goal of the present thesis; thus, a complete cell prototype was not build. In order to take advantage 
of the experience gained on PBI2+@Ru4POM and targeting the realization of a real device 
(bypassing the use of sacrificial agents without developing the appropriate reductive half-cell), the 
option of electrocatalytic devices was taken in consideration. 
As already well described, water oxidation is the most demanding part of the water splitting 
reaction, under both thermodynamic (E° = 1.23 V vs NHE) and kinetic aspects.[1] Water splitting 
using the powerful oxidizing holes of stable high band gap semiconductors (SCs), mostly metal 
oxides or oxy-nitrides (i.e. TiO2,
[2] WO3,
[3] Fe2O3
[4] and TaON[5]), is relatively well established. 
Although the theoretical efficiencies expected by these materials are often far from being achieved, 
further studies in the field are promoted in order to find more functional assemblies 
chromophore@SC; the actual trends in material sciences point the attention over molecular level-
sensitized photoelectrodes.[6] This approach has the advantage to deal with molecular chromophores 
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that can be engineered and modified, in order to answer to the specific features of the 
semiconductor component. Some issues must be considered: 
 the lack of stability of the molecular assemblies on the SC surface and/or efficient charge 
recombination processes, which could affect the final performance of the sensitized surface 
 the chromophore excitation from visible light has to promote charge injection into the 
semiconductor and hole transfer to the catalyst, achieving the primary charge separated state 
 the catalyst should be able to promote, either in a stepwise or concerted way, water 
oxidation without recombining with electrons injected in the SC. 
 
 
Figure 7.1. Representation of the different electronic steps for a photoanode performing water oxidation 
process 
 
PTCDIs have been already presented in the previous Chapters as promising photosensitizers in 
water oxidation process due to high molar extinction coefficient, good thermal and photochemical 
stability,[7] and high oxidation potentials, resulting compatible with the activation of many WOCs 
reported in literature (including ruthenium,[8] iridium,[9] nickel[10] and iron[11] based catalysts). Some 
reports are already present in the literature describing results obtained with PTCDIs as 
photosensitizers on surfaces. Recently, Finke et al.[12] prepared an assembly of modified perylene 
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diimides dyes onto ITO electrodes in combination with Co-pi;[13] in this configuration, non-porous 
electrodic surface probably limited the efficiency of photoelectrochemical water splitting because of 
low light harvesting from the concealed dye. 
 
Figure 7.2 Schematic representation of the photoelectrodes prepared from Finke et al. Adapted from 
reference [13] 
 
In this study, the sensitization of metal oxides nanocrystalline semiconductor (WO3, ZrO2, SnO2 
and TiO2) is reported with the dicationic dye PBI
2+, already tested for different purposes in the 
previous section of the present thesis. Results demonstrated that this simple molecular dye is able to 
transfer photogenerated holes to sacrificial species in solution and to co-adsorbed IrO2 nanoparticles 
(IrNPs) acting as WOCs. 
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2. Preparation and characterization of the PBI2+@WO3 assembly 
The PBI2+ chromophore was modified in comparison with the salt previously used, meaning that, 
due to the absence of specifically interacting group over the semiconductors surface, chloride 
counteranions were substituted with hexafluorophoshates in order to get a less soluble salt in 
aqueous medium and avoid possible wash-out phenomena of the chromophore once deposited over 
the anodic surface. The new compound was fully characterized by means of NMR spectrometry, 
ESI-MS spectrometry, UV-Vis absorption and emission microscopies and Raman spectroscopy.  
The preparation of the active photoanodes required several preparative steps. The first passage 
required the deposition of SCs layer over FTO surfaces by means of spin coating technique; 
photoelectrochemical measurements were performed in order to test the performance of the 
sensitized surfaces and determine an appropriate thickness of the layer. Successively, electrodes 
were dipped in a PBI2+ 10-3 M ACN solution. WO3 electrodes reached surface saturation after 6 
hours at 50°C, resulting in optical densities of 0.25 at 470 nm. With SnO2, TiO2 and ZrO2 the 
adsorption was much faster and, in order to obtain an optical density similar to WO3, the dipping of 
these substrates was limited to few seconds; thus, the dye loading and the associated bimolecular 
quenching events on the surface, like exciton annihilation or excimer formation, would occur with 
comparable efficiencies. 
 
          
Figure 7.3. From left to right, absorption spectra and J-V plots of different porous semiconductors (SCs) 
covered with PBI2+ deposition 
 
Despite the lack of specific anchoring groups, PBI2+ was shown to functionalize the porous SCs 
employed (ZrO2, TiO2, WO3 and SnO2) probably due to aggregation/hydrophobic interactions, 
which are indicated by the blue shift and by a substantial modification of the vibrational structure of 
the absorption spectrum on the surface, consistent with the probable formation of H-aggregates.[14] 
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Similar spectral features, summarized by a main band in the 470-500 nm range and by a shoulder at 
ca. 550 nm, are present with slight variations in all sensitized surfaces considered by this study. 
Upon illumination (AM 1.5 G + 435 nm cut-off filter) of the resulting photoanodes in the presence 
of sacrificial electron donors (such as LiI 0.1 M ACN solution and aqueous ascorbic acid 0.1 M 
aqueous solution at pH 3), a photoanodic current was revealed, consistent with charge injection 
from PBI2+ to WO3 and hole transfer to the sacrificial hole scavenger. The photoanodic current, 
reaching maximum values of ca. 0.5 mA/cm2 in the case of WO3 (at a bias of 0.35 V vs SCE), 
varies in the order WO3 > SnO2 > TiO2. The same trend and similar photocurrent densities are 
found in ascorbic acid, where, however, TiO2 was not considered due to the formation of 
Ti(IV)ascorbates acting as sensitizers.[15] 
The poor performance observed with TiO2 is attributed to the inefficient injection by the excited 
state of PBI2+, having insufficient driving force for competing with its photophysical deactivation 
pathways. Indeed, the study of the emission of the most promising sensitized SC substrates (WO3 
and SnO2 which were providing the highest photocurrents) compared to inert ZrO2 thin films 
(where charge transfer is thermodynamically forbidden), reveals that quenching increases in the 
order WO3 > SnO2 > ZrO2, providing a lower estimate to the injection rate constant kinj.(WO3) of 0.9 
× 109 s-1 which is at least 9 times faster than that found for SnO2 (kinj.(SnO2) = 0.1 x 10
9 s-1). 
 
 
Figure 7.4. Fluorescence decays of PBI2+ upon 460 nm excitation in ACN (A), deposited over ZrO2 (B), 
SnO2 (C) and WO3 (D) 
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Additional photoelectrochemical measurements, carried out with optimized WO3 and SnO2 spin 
coated electrodes in LiI 0.1 M ACN solution, confirmed a superior performance of WO3 in the 
generation of higher photocurrent (~2.2 mA/cm2) and, more significantly, superior fill factor (28 % 
vs 23 %) and photovoltage (-100 mV vs SCE for WO3; -50 mV vs SCE for SnO2). All these results 
are consistent with a more effective charge separation on the WO3 substrate. 
          
Figure 7.5. From left to right, absorption spectra and J-V plots of WO3 and SnO2 porous films, obtained by 
repeated spin coating on FTO, (SCs) covered with PBI2+ deposition.  
 
Transient absorption measurements, in the ns/μs time scale, agree with the observation of a faster 
and more efficient formation of the charge separated state (PBI•+/e-(CB)) on WO3. The 
photophysical behaviour of PBI2+ in solution (upon 532 nm nanosecond laser excitation) is 
dominated by the decay of the lowest singlet excited state, resulting in the bleaching of the ground 
state and in the appearance of the strong stimulated emission with a clear vibronic progression 
starting from 530 nm. Similar characteristics are found on ZrO2, where the longer lived ground state 
bleaching suggests population of the triplet state via Spin-Orbit-Coupling (SOC), induced by heavy 
atom (Zr) effect in the proximities of the chromophore. Compared with WO3, the magnitude of the 
residual emission of PBI2+ is greatly reduced with respect to the ground state bleaching; moreover, a 
characteristic absorption in the blue region of the visible spectrum (with maximum at ca. 430 nm) 
appears, reaching the maximum intensity in the 100 ns after excitation. At 300 ns after the laser 
pulse, a significant absorption is still evident, while the ground state bleaching at 470 nm undergoes 
a significant recovery. Thus, the transient absorption in the blue region was assigned to the 
formation of the oxidized state of the dye resulting from charge injection into WO3. The electron 
recapture by the oxidized PBI2+ occurred in the μs time scale, and it is at least 103 slower than 
injection; data indicate a favourable kinetic competition for obtaining and storing a primary long 
lived charge separated state (PBI•+/e-(WO3)), which may constitute the primary step for solar fuel 
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production in a PEC. On SnO2 electrodes, the signature of the charge-separated state is much less 
evident, consistent with the slower charge injection observed in emission quenching experiments.  
 
 
Figure 7.6. A) transient differential absorption spectra registered for PBI2+ in ACN. B-D) transient 
differential absorption spectra registered for PBI2+ depositions over ZrO2 (B), SnO2 (C), and WO3 (D) in 
presence of aqueous 0.1 M NaClO4 at pH 3  
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3. Preparation and characterization of the IrNPs@PBI2+@WO3 assembly 
The ability to exploit photogenerated holes located on surface adsorbed PBI2+ was tested in the 
presence of co-adsorbed IrO2 NPs (prepared according to the procedure of Mallouk et al).
[16] 
Herein, IrO2 was chosen for convenience as an example of water oxidation catalyst known for 
having stability and good activity in acidic media[17], but also minor solubility so to avoid the 
excessive solubility of Ru4POM in aqueous media. 
Different deposition methods of PBI2+@WO3 substrates with IrO2 NPs were explored: drop casting, 
spin coating and soaking. For each method four treatments were performed (1-4) to evaluate the 
conditions for optimal photoelectrochemical performances (in NaClO4 0.1 M aqueous solution at 
pH 3 under AM.1.5 G + 435 nm cut-off filter). For every treatments, except the soaking, three drops 
of colloidal IrO2 were deposited on 1.5 cm
2 active area in different conditions, depending on 
deposition method. 
 
Electrodes Deposition method Treatments 
a no IrNPs reference surface PBI2+@WO3 
b drop casting 120°C, IrNPs 2×10-4 M 
c spin coating + drying at r.t. 1000 rpm/min 20”, r.t., IrNPs 2×10-3 M 
d spin coating + drying under warm air 1000 rpm/min 20”, r.t., IrNPs 2×10-3 M 
e Soaking r.t., IrNPs 2×10-3 M 
 
Table 7.1. List of the experimental procedures for sensitized electrodes modification with IrNPs 
 
Under AM 1.5 G illumination, 435 nm cut-off filter, NaClO4 0.1 M aqueous solution at pH 3 
without sacrificial agents, all IrO2 co-deposited electrodes exhibited photoanodic behavior with 
photocurrent at 0.5 V vs SCE decreasing in the order d > e > c > b > a (maximum values ~ 70 
μA/cm2), with good reproducibility tested for batches of three identical electrodes. 
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Figure 7.7. J-V curves of IrNPs@PBI2+@WO3: photoanodes prepared by A) drop casting, B) spin coating, 
C) spin coating + drying with warm air, D) soaking for 15, 30, 60 and 180 minutes (1-4 numbers). For drop 
casted and spin coated electrodes, numbers 1-4 indicate the subsequent coating runs. 
 
The lowest photocurrent onset, observed at ca. 0.3 V vs SCE, is obtained with type c and d 
electrodes (spin coated IrNPs) which also produce a higher photocurrent density at voltages ranging 
from 0.28 to 0.43 V vs SCE. It is clear that the presence of IrO2 allows a ~ 6 fold enhancement of 
the photoanodic current density compared to the simple type a electrodes (PBI2+@WO3) consistent 
with hole transfer from photogenerated PBI·+ to IrO2, which is activated towards water oxidation.  
          
Figure 7.8. J-V curves of 5 different batches of photoelectrodes PBI2+@WO3, modified with IrNPs (b-e) 
compared to the unmodified one (a), under normal or shuttered illumination (left and right graphs, 
respectively). 
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The J-V curves collected under shuttered illumination revealed photocurrent transients reaching 
~200 μA/cm2, at potential close to 0.5 V vs SCE (type c and d electrodes), which are clearly larger 
than the photoanodic current collected under steady state conditions. The overshooting of the 
photocurrent transients and their shape, showing a rapidly decreasing photoanodic spike, are 
indicative of recombination processes in competition with hole-transfer to the electrolyte. The 
charge transfer kinetics (probed at 430 nm) demonstrated that, in the presence of co-adsorbed IrO2, 
a reduced lifetime (0.5 μs) of PBI·+ specie on the WO3 surface is revealed, due to hole transfer to 
randomly adjacent IrO2 NPs. The hole transfer kinetics to IrO2 occured thus on the same time scale 
of electron recapture by PBI•+, according to an apparent first order rate constant of 0.95 x 106 s-1. 
Unfortunately, the fate of the hole trapped on IrO2 could not be directly monitored due to the lack of 
significant spectroscopic signatures resulting from the oxidation of Ir(IV), as already pointed out by 
Wasielewski et. al.[9] Nevertheless, even for prolonged illumination periods (hundreds of seconds) 
at constant potential (0.35 V vs SCE), the best IrNPs@PBI2+@WO3 assembly (type c) is able to 
photogenerate a significantly higher anodic charge (up to 5 times) with respect to the unmodified 
photoelectrodes (type a).  
          
Figure 7.9. Normalized decay kinetics of PBI•+ (monitored at 430 nm), in absence (black) and in presence 
(blue) of spin coated IrNPs. The red lines are monoexponential fitting of the oscillographic traces 
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4. Conclusions - outlook 
The sensitization of metal oxides semiconductors with simple PTCDI derivatives lead to 
photoanodes where electron injection results in long lived charge separated states in the 
heterogeneous phase, and the strong oxidizing power of photogenerated holes can be potentially 
employed to activate a wide array of catalysts. The major efficiency of *PBI2+  in the injection of 
electrons in WO3 conduction band instead of SnO2 CB (which has a similar conduction band 
energetics) may underline the role of an higher coupling resulting either from a stronger 
electrostatic interaction with the negatively charged WO3 surface at pH 3,
[18] or by a larger overlap 
between the d band and the π* orbitals of PBI2+. 
For an efficient quenching of the excited state of PTCDIs, the low conduction band of WO3 
necessarily requires the application of a positive potential to drive the hydrogen evolution reaction 
at the counter electrode of the PEC. Although this is disadvantageous for a self-standing cell 
operating without additional bias, it is worthy to underline that even for the employ of TiO2 in 
sensitized PEC for water splitting is often necessary to apply a moderately bias, to overcome 
recombination processes. In these cases, the sensitized electrode serves only as the photoanodic 
component of a cell which requires the coupling to a photocathode to achieve its independent 
operation without external potential. 
Moreover, these porous photoanodes may also constitute a convenient mean to explore and 
optimize the interaction of the PTCDI chromophores immobilized on surfaces; selected catalytic 
species, including amorphous metal oxides and molecular species, will be tested in the near future 
in order to increase the efficiency of the interfacial charge transfer over competitive carrier 
recombination, which is, at present, the most serious limitation to molecular level artificial 
photosynthetic processes. 
In parallel, in silico studies will be conducted over a library of bay-functionalized PTCDI molecules 
in order to find other favourable matches among the already tested semiconductor and novel 
chromophores. 
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Chapter 8 
Preparation of novel hybrid materials as useful 
SERS reporters 
 
Introduction 
During the development of the thesis project described in the previous Chapters, PTCDI molecules 
were characterized and studied with a combination of techniques ranging from spectrometry to 
spectroscopy ones, and imaging. Among them, Raman spectroscopy was an important tool for the 
characterization of PTCDI@CNMs or for the monitoring of perylene coverage over surfaces. 
Raman profile of perylene derivatives is of interest because, similarly to other aromatic molecules, 
it presents well-defined patterns of narrow bands. Starting from these experimental data, the design 
of a small library of PTCDI derivatives was pursued for the construction of novel hybrids for SERS 
applications.  
 
 
Figure 8.1. Pictorial representation of the physical conditions required for occurring SERS effect  
 
In the last 30 years, Surface-Enhanced Raman Scattering (SERS) received particular attention as  
analytical spectroscopy technique due to some important factors: (i) it is high sensitivity technique, 
able to reveal detect single molecules;[1] (ii) it possesses molecular specificity, because every 
experimentally measured pattern of peaks is a fingerprint of a specific molecule and its molecular 
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vibration modes;[2] (iii) Raman signals are commonly characterized by narrow line widths (~1 nm) 
and this favours SERS as analytical tool because, if compared with the most widely developed 
technique, fluorescence spectroscopy, spectral signals show bandwidth not smaller than 50 nm and 
usually much larger.  
These features indicate SERS as promising tool for multiplexing measurements, meaning for the 
identification of spectral features of different molecules in only one spectrum generated with the use 
of only one laser line for the excitation of the molecules.[3-5] Cutting-edge applications have been 
found in the preparation of biocompatible materials for sensing[6] or in multiplexing analysis in 
biomedical field; for example, SERS is retained an invaluable tool for cell phenotyping and for in 
vitro and in vivo cancer diagnosis.[7] 
 
Figure 8.2. SERS-based immunosensor platform; a gold nanoparticle is coated with Raman-sensitive 
molecules used for secondary-antibody label. Adapted from reference [6] 
 
SERS effect is verified when Raman signals are enhanced up to nine orders of magnitude, which 
improves the detection limit from ensembles of molecules to the singles-molecule level. The 
necessary condition for obtaining Raman signals enhancement is to have the analyte of interest in 
close proximity of a nanoscale-roughened noble metal surface.[8] In this condition, excitation of the 
localized plasmon resonance of nanoparticles strongly enhances the local electromagnetic field.[9] It 
is experimentally verified that the largest improvements occur for nanosized rough surfaces (10-100 
nm), as in the case of nanoparticles (NPs) or NPs aggregates,[3] and more specifically in some 
regions referred as “hot spots”, nanoscale crevices and interstices in or between nanostructures.[3, 4] 
One of the most important factors for sensitive and reproducible SERS measurement is the control 
of aggregation of NPs. To achieve this goal different approaches have been investigated either in 
liquid phase or in solid state protocols. In the first case, the addition of an appropriate analyte to a 
suspension of NPs led to in situ aggregation of the latters, while in the second case the aggregation 
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is obtained through physic-mechanical procedures such as centrifugation and electrodeposition. 
This is usually followed by the deposition of the analyte on top of the aggregated nanoparticles.[10] 
SERS effect are reported for a large series of organic molecules[11] adsorbed on the surface of 
relatively few metals. Cu, Ag and Au nanoparticles were by far the dominant substrate SERS.[12] 
Gold nanoparticles (AuNPs) have a relevant role in SERS applications thanks to (i) their localized 
surface plasmons imparting interesting optical properties, (ii) their easy functionalization, (iii) 
chemical stability and biocompatibility.[5, 13-15] Their plasmonic properties give them also interesting 
optical properties, which can be used for "labelling" the nanostructures. Recently, Quian et al.[13] 
reported that Raman enhancement effect can be realized with gold nanoparticles under in vivo 
conditions for cancer detection in live animal models, opening the way of advanced biomedical 
applications.  
AuNPs can be synthesized with chemical or physical approaches.[14, 16] An interesting physical 
approach is LASiS (Laser Ablation Synthesis in Solvents), a “green” technique for the synthesis of 
stable noble metal nanoparticles in water or in organic solvents without stabilizing molecules. The 
stability of the colloidal solution of the produced metal nanoparticles derives from the surface 
charges that the particles show after the laser ablation synthesis. Therefore, the “naked” 
nanoparticles obtained via LASiS have a completely free surface for an easy functionalization with 
molecules.[17, 18] 
 
Figure 8.3. LaSiS approach – cartoon for the synthesis of AuNPs   
 
Since the localized surface plasmon resonance of AuNPs originates an extinction spectrum in the 
optical window which depends on the size, shape, and aggregation of AuNPs, UV-Vis spectroscopy 
is a very useful technique to estimate gold nanoparticle size, concentration and aggregation level.[19]  
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Among tested molecules, perylene derivatives have recently attracted the attention of the scientific 
community. In 2001, Aroca[20] presented a work on a series of perylene diimides deposited onto 
silver, gold or mixed Ag-Au island films and investigated by SERS; in 2003, Beynor[21] et al. 
investigated the interaction between In and Ag layers with 3,4,9,10-perylene tetracarboxylic acid 
dianhydride (PTCDA) and N,N′-Dimethyl-3,4,9,10-PTCDI (DiMe-PTCDI) by in situ Raman 
spectroscopy. Upon metal deposition, significant enhancement of Raman signals, arising from 
internal vibrational modes, is observed for all the above mentioned perylene derivatives, clearly 
indicating the presence of surface enhanced Raman scattering (SERS). Recently, perylene-gold 
nanoparticle binary systems have been investigated.[22] Detected high Raman scattering has been 
attributed, for some extent, to AuNPs quenching effect on PTCDIs fluorescence. It has been 
reported that for PTCDI molecules, when they were positioned close to the surface of AuNPs, 
including spherical and rod shapes, the fluorescence is significantly quenched, in favour of strong 
SERS signals;[22, 23] this evidence can be correlated to the correct localization of the chromophore 
molecules in close proximity of localized surface plasmons. 
 
 
Figure 8.4. Solutions emitting fluorescence under a UV lamp (365 nm) after adding nanoparticles to the 
PTCDI solution. From left to right: PTCDI molecules mixed with Au nanorods of increasing dimension, 
except the last solution with pure PTCDI 
 
Herein, SERS investigation of a series of core-halogenated perylene derivatives is reported; 
PTCDIs were chosen as privileged SERS reporters upon deposition on gold thin layer on glass. 
Computational tools were largely employed for the determination of the appropriate candidate 
molecules, basically to predict their Raman spectral features and observe any correlation between 
the presence of substituents around perylene core and spectral variations. Later, UV-Vis 
spectroscopy combined with Raman measurements were used in order to check the characteristics 
of the chromophore molecules, monitor the interaction with AuNPs and finally characterize the 
hybrid materials.  
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Preparation and characterization of the PBI2+ homologues 
The main aim of the project was to identify PTCDIs molecules as potential SERS reporters. As first 
step, we envisaged to convert hydrophobic PTCDI derivatives to water soluble materials. According 
to literature,[24] this can be achieved inserting a short organic pendant bearing a quaternary 
ammonium group at the imide-positions. The presence of the positive charges provides moieties for 
the anchorage on AuNPs, as well as water solubility, which is a desired feature for applications in 
biological field. It was already discussed that the molecular-level electronic and optical properties 
of PTCDIs can be easily tuned by bay-substitution,[25] thus it was envisaged the synthesis of a 
family of perylene derivatives where halogens substituents (F, Cl, Br) were introduced in the 
aromatic core. The main aim of this idea was to introduce a modification of the central scaffold of 
the chromophore in terms of stretching modes that affect Raman signal. This led to the synthesis of 
4 perylene derivatives with different extent of halogenation, namely: 2Br-PBI2+, 2F-PBI2+, 4Cl-
PBI2+ and 4Br-PBI2+, plus the already widely studied PBI2+ which was used as first candidate for 
the investigation before starting the synthesis of the new compounds. 
 
 
Figure 8.5. Structures of the studied SERS probe molecules 
 
As mentioned in the previous Chapters, PBI2+ Raman pattern of peaks is characterized from a 
couple of well-defined narrow bands at 1297 and 1374 cm-1 plus two broader signals localized at 
1574 and 1592 cm-1 which can be ascribed to different vibrational modes originated from the 
aromatic core; experimental data are in agreement with already reported results.[22, 26] Theoretical 
investigation was performed in order to obtain PBI2+ spectrum simulation and check if it would be 
possible an in silico screening of the candidate molecules as SERS reporters. Density Functional 
Theory (DFT) calculations were employed for all the simulations; B3LYP functional and the 6-
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31+G(d,p) Pople basis set were chosen as best compromise between the accuracy of the results and 
the time-demand. 
PBI2+ Raman simulation spectrum showed seven main peaks at 1790, 1654, 1630, 1501, 1436, 1345 
and 1326 cm-1 related to different vibrational modes. 1790 cm-1 is related to the symmetric 
stretching  of carbonyl groups, the following three peaks are related to different stretching modes 
originated from the aromatic C-C bonds vibrations; in addition, 1654 and 1630 cm-1 vibrations 
involve bending modes originated from H-substituents located in ortho- and bay-positions, 
respectively. The band localized at 1436 cm-1 is related to different wagging modes of the hydrogen 
atoms connected to the sp3 carbon atoms in the imide pendant. The last two peaks, at 1345 and 1326 
cm-1, are angular movements of the aromatic hydrogen atoms, which could be envisaged as 
scissoring and rocking modes 
 
Figure 8.6. Comparison of experimental and simulated spectra of PBI2+ 
 
The experimental Raman spectrum of PBI2+ presents typical PTCDI peaks, like at 1093, 1305, 
1382, 1458, 1576 and 1593 cm-1.[22, 26] The red-shift verified for the predicted data is probably due 
to the fact that the simulation is performed on a single molecule, while solid state measurements 
imply the reciprocal interaction of the molecules in the bulk solid; however signal trends is 
respected and the deviation of the model is consistent with what already verified in the case of UV-
Vis spectrum simulation. The attention in the simulated spectra is particularly directed over a 
specific peak, localized at 1631 cm-1; the related vibrational mode consists in the stretching mode 
involving the carbon atoms which bear the halogen substituents in the other molecules of the 
library. 
The next step regarded the preparation of an appropriate model for the four halogenated PTCDIs. 
Geometries optimization underlined the effect over the molecular scaffold caused from the presence 
of the different halogen substituents, from their different number and their reciprocal position 
Chapter 8 – Preparation of novel hybrid materials as useful SERS reporters  
125 
 
around the aromatic core. Assuming PBI2+ as benchmark molecule since its aromatic core is fully 
planer and totally un-substituted, the introduction of different halogens (F, Cl and Br) caused a 
gradual disruption of the aromatic system. The tilting angle measured among the two halves of the 
molecule assumed the maximum value for the tetra-substituted compounds (4Cl- and 4Br-PBI2+), 
linearly decreased if the number of substituents is two (2Br- vs 4Br-PBI2+), and there is a 
correlation for compounds bearing the same number of substituents but with different elemental 
nature and steric hindrance (2F- vs 2Br-PBI2+ and 4Cl- and 4Br-PBI2+). The reason is basically 
related to steric hindrance; substituents in 1-12 and 6-7 are faced one in front of the other, and 
bigger is the atomic radius higher is the distortion needed to the perylene core for gaining stability. 
 
 
Figure 8.7. Representation of torsion angle values relative to the synthetized PBI2+ derivatives, on the base 
of theoretical models 
 
For what concerns the electronic density related to frontier orbitals, assuming PBI2+ orbitals as 
reference, there were not substantial modification in their geometry; as expected, halogen atoms 
generally contributed with their electron density and use p-orbitals for interacting with the 
electronic cloud of the aromatic core. 
Raman spectra simulations were performed in order to understand if the presence of the substituents 
induces modifications in the pattern of peaks typically generated from perylene core. Focusing on 
the simulated peak of PBI2+ spectrum at 1631 cm-1 and comparing it with the corresponding peaks 
in the halogenated–PTCDI simulated spectra, the presence of substituents gradually red-shifted the 
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signal position, with maximum shift of 40 cm-1 for the tetra-substituted compound. A possible 
explanation could be related to the number and the elemental nature of the halogens; more in detail, 
the presence of 4 substituents caused the highest distortion of the perylene core, and the system 
partially loses the conjugation. The partial loss of conjugation weakens C-C bonds, so that their 
vibration required less energy. If 4Br- and 2Br- are compared, the compound with less substituents 
(and less tilted) showed a C-C stretching band shifted of 20 cm-1, in agreement with the tendency 
previously reported. There is not so much difference among 4Br- and 4Cl-PBI2+, probably because 
the tilting angle revealed for these 2 molecules is quite similar, but the comparison of 2Br- and 2F-
PBI2+ revealed spectral peaks in different spectral regions (ca. 10 cm-1 shift one from the other). The 
evidence can be explained referring to the tilting angle values and underlining the huge structural 
difference for 2Br- and 2F-PBI2+. 
 
 
Figure 8.8. From left to right, comparison between simulated Raman spectra of PBI2+ and related 
compounds, and an inset of the most interesting spectral region 
 
Positive results obtained from Raman simulations encouraged the synthesis of the missing 
compounds, and later on to perform the grafting on metallic surface to investigate the presence of 
surface enhanced Raman scattering (SERS). 
The synthesis of the halogenated-PTCDIs followed the same approach used for the synthesis of 
PBI2+,[27] except for the employ of a different dianhydride precursors. Characterizations were 
performed by means of 1H and13C NMR spectrometry, FT-IR and Raman spectroscopies, steady-
state UV-Vis spectroscopies, and MALDI-MS (See Chapter 9 for all the synthetic procedures and 
the characterization data). 
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The experimental Raman scattering patterns were in accordance with the theoretical data obtained 
from calculations. Based on these results we decided to go a step further, performing SERS 
measurements.  
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Preparation and characterization of the PTCDI@AuNPs assemblies 
First attempts to the preparation of the PTCDI@AuNPs hybrids followed a “drop deposition” 
approach. In details, LaSiS AuNPs were prepared with a standardized method (see Chapter 9), and 
characterized in terms of morphology and dimension; after the preparative step, AuNPs were 
aggregated by centrifugation, with spin speed (10 min, 3 x 105 g), then a 1.95 10-8 mM water 
solution of aggregates (20 µL) was deposited on a glass slide. Finally, after choosing PBI2+ as test 
molecule before passing to the halogenated derivatives, an aqueous solution of PBI2+ was deposited 
on top of the AuNPs spot. Upon deposition onto AuNPs, by means of only electrostatic interactions 
between the golden surface and the perylene, the deposited PBI2+ showed a significant enhancement 
of the Raman signals, clearly indicating the presence of surface enhanced Raman scattering (SERS). 
The repetition of the same procedure with the halogenated-PTCDIs offered similar results in terms 
of Raman scattering enhancement. 
 
Figure 8.9. Comparison of experimental spectra registered for PBI2+ and PBI2+@AuNPs hybrid 
 
To experimentally verify the hypothesis of aggregation of in supramolecular structures, an “in 
solution” strategy was also developed for the synthesis of the PTCDI@AuNPs hybrids. This 
alternative route allowed a deeper examination of the interaction mechanism between the 
counterparts. UV-Vis spectroscopy was used as a simple and reliable method for monitoring the 
stability of nanoparticle solutions. In a typical experimental setup, to an aqueous solution of AuNPs 
aliquots of PBI2+ aqueous solutions were added, followed by recording UV-Vis-NIR spectra. 
Experimental results showed strong ionic association, confirmed by regular intensity decrease of 
AuNPs features at around 520 nm followed by the appearing of an isosbestic point centred at 549 
nm, and the formation of a broad band gradually shifted to the red and with a maximum absorption 
peak localized between 700 and 720 nm. Noteworthy, the appearance of a red-shifted new band 
Chapter 8 – Preparation of novel hybrid materials as useful SERS reporters  
129 
 
indicated a massive aggregation of AuNPs. As reported in literature,[28] the optical properties of 
gold nanoparticles change when particles aggregate; this is due to delocalization of the conduction 
electrons near each particle surface and the sharing amongst neighboring particles. In our case, also 
PBI2+ affects this modification of electrons distribution. As a consequence, the surface plasmon 
resonance shifts to lower energies, causing the absorption and scattering peaks to red-shift to longer 
wavelengths.  
 
Figure 8.10. From left to right, titration of AuNPs aqueous solution (c = 1.38 x 10-9 M) with aqueous 
solution of PBI2+ and 4Br-PBI2+, respectively 
 
The methodology was then repeated combining the halogenated chromophores with AuNPs; in the 
“drop deposition” approach, enhancement of Raman signals for the hybrid materials is verified, 
while in the “in solution” methodology all the titrations, independently from the chromophore 
molecule used, are characterized from a similar profile. 
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Conclusions – outlook 
The efficiency of a library of dicationic perylene derivatives as SERS reporters is verified; Raman 
spectral profile differences, once verified in silico for the selected molecules, are present in the 
experimental spectra. The successful characterization and isolation of the PTCDI molecules is 
followed from the formation of the AuNPs-conjugates; most important, the interaction among 
perylene derivatives and NPs substrates doesn’t modify Raman spectral pattern but only produces 
SERS enhancement of the signals. 
As a future perspective, the promising materials will be tested for multiplexing measurements; 
moreover, the library of PTCDIs will be enlarged with a series of bay-substituted polycationic 
branched compounds in order to verify the specificity and the strength of the interaction for 
compounds with higher charge localization on the molecular skeleton. Finally, other kind of noble 
metal nanoparticles (i.e. AgNPs) will be studied in order to compare their SERS effect with the 
results already collected for golden materials. 
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Chapter 9 
Experimental section 
 
1. Materials 
Chemicals and solvents for all the synthetic procedures and characterization analyses have been 
purchased from Sigma-Aldrich, TCI and Fluorochem and used as received if not differently specified. 
Deuterated solvents have been purchased from Cambridge Isotope Laboratories. 18-NRT TiO2 
colloidal paste was purchased from Dyesol.  
HiPco SWCNTs (Unidym™ HiPco® Single-Wall Carbon Nanotubes, batch P2771) were purchased 
from Unidym™ and used without any further purification. 
MWCNTSs (Nanocyl™ NC 7000 Thin Multiwall Carbon Nanotubes, batch 318-25) were purchased 
from Nanocyl™ and used without any further purification. 
SWCNHs were purchased from Carbonium s.r.l. (Padova, Italy), the material was produced by direct 
graphite evaporation in Ar flow, according to a patented method[1] and used without any further 
purification. 
Graphite flakes were purchased from Sigma-Aldrich and used as received. 
TEC 8 (8 Ω/φ) Fluorine Tin Oxide (FTO) 20×20 cm conductive glass slides were purchased from 
Pilkington.  
 
 
 
  
Chapter 9 – Experimental section 
133 
 
2. Technical equipment 
Microwave-assisted synthesis of perylene derivatives was developed using a CEM Discover® SP 
microwave reactor. 
Nuclear Magnetic Resonance (NMR) 1H, 13C, COSY and HSQC spectra were recorded at 270 MHz 
on a JEOL GSX-270, or at 400 MHz on a JEOL Eclipse 400 FT spectrometer, or at 500 MHz on a 
Varian VNMRS - 500 MHz. All spectra were registered at 298 K. In all the spectra, chemical shifts 
were expressed in ppm (parts per million) with respect to the peak of residual non-deuterated solvent 
(δ = 2.50 for DMSOd6, 4.58 for D2O, 7.26 for CDCl3, 8.71 for C5D5N, 11.50 for TFAd).[2] For 1H 
spectra, the following symbolism has been used: s - singlet; d - doublet; t - triplet; q - quartet; m - 
multiplet. 
Electrospray Ionization - Mass Spectrometry (ESI-MS) measurements were performed on a 
Perkin-Elmer APII at 5600 eV, and the spectra recorded at the Dept. of Chemical Sciences – 
University of Trieste by Dr. Fabio Hollan. 
Matrix - Assisted Laser Desorption/Ionization - Mass Spectrometry (MALDI-MS) spectra were 
recorded on a AB SCIEX 4800 MALDI TOF/TOF™ Reflector instrument, using reflector mirror and 
positive or negative ion detection, depending from the chemical nature of the sample. A dual 
microchannel plate reflector detector was used. LDI was performed with the 355nm (3-7ns) pulses of 
a Nd:YAG laser at 200 Hz repetition rate. 70% of maximum laser power was used for all 
measurements. Spectra were analysed with the AB SCIEX 4000 Series Explorer software. 
Steady-state absorption spectroscopy studies were performed at room temperature on a Varian 
Cary 5000 UV-Vis-NIR double beam spectrophotometer or on a Perkin Elmer Lambda 2 UV-Vis 
spectrophotometer; 10 mm path length Hellma Analytics 100 QS quartz cuvettes were used. 
Steady-state fluorescence spectroscopy studies were performed on a Varian Cary Eclipse 
fluorescence spectrophotometer or on a Horiba FluoroMax3 spectrophotometer; 10 mm path length 
Hellma Analytics 117.100F QS quartz cuvettes were used. 
Femtosecond transient absorption spectroscopy studies were performed using 530 nm laser pulses 
(1 kHz, 150 fs pulse width) from a commercial amplified Ti:sapphire laser system, Clark-MXR CPA 
2101 model. 
Fourier Transform – Infrared spectroscopy (FT-IR) studies were performed on a Varian 660 FT-
IR spectrophotometer with a GladiATR™ Single Reflection ATR accessory equipped with a Ge 
crystal; samples spectra were measured from the crude powders without any further preparation. 
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Raman spectroscopy studies were performed on a Renishaw inVia 15 Reflex equipped with three 
laser sources and directly interfaced to a confocal microscope Leika DM-LM. The excitation radiation 
was generated by a Nd:YAG laser (532 nm),  He-Ne laser (632.8 nm) and a Ti: sapphire laser (785 
nm). The optical microscope was equipped with lens from 5×, 20×, 50× (Olympus) and a 20 × long 
focal (Leika). 
The optical bench for AuNPs synthesis consisted in a pulsed laser, a beam focusing lens having a 
focal length of 40 cm and a 45° mirror which reflects the radiation within the cell ablation where 
there is a metallic target, in my case Au, in liquid solution. The laser used is a Quantel YG-981E-10® 
model equipped with a Nd:YAG crystal. For the ablation process, fundamental laser line (λ = 1064 
nm) was used with pulse duration of 9 ns, repetition rate of 10 Hz and approximately ~ 900mW 
power. The target consisted in a disc of Au with 99.9% of the thickness minor than 1cm. The cell 
ablation on the bottom of which is positioned the disc of Au is filled with about 125mL of NaCl 10-
5M aqueous solution. 
Small Angle X-Ray Scattering (SAXS) measurements were performed at the Austrian SAXS 
beamline of the electron storage ring ELETTRA (Elettra Sincrotrone Trieste, Basovizza (TS), Italy) 
using a photon energy of 8 keV.[3] Beamline setup was adjusted to a sample to detector distance of 
734 mm to result in an accessible q-range 0.1 – 8.7 nm-1. All images were recorded using a Dectris 
Pilatus 1M detector with at least three exposures of 10 seconds each per sample to check for radiation 
damage. Reference patterns were collected of silver-behenate (d-spacing of 5.838 nm) which were 
used for the calibration of the q-scale. All measurements were done using a flow cell capillary. The 
radial averaging and the image calibration were conducted using the FIT2D software.[4] All presented 
data were corrected for fluctuations of the primary intensity and the corresponding background has 
been subtracted from each solution scattering pattern. 
Cyclic Voltammetry (CV) studies were performed on a BAS Epsilon EC 2000 electrochemistry 
system in a three-electrode cell under N2 anhydrous atmosphere in deoxygenated aqueous solution, 
containing 0.1 M NaCl as supporting electrolyte; glassy carbon was used as working electrode, a Pt 
wire as counter electrode and Ag/AgCl (3M NaCl) as reference electrode. 
Differential Pulsed Voltammetry (DPV) studies have been carried out with an Autolab and Amel 
mod. 568ed potentiostat interfaced with a X\Y Amel mod.863 recorder.  
Electrochemical and photoelectrochemical measurements over the sensitized electrodes were 
carried out on a PGSTAT 30 electrochemical workstation, in a three electrodes configuration using 
SCE as reference and Pt bead as counter. Different electrolytes were employed, containing either 
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sacrificial agents (ACN/0.1 M LiI; aqueous 0.1 M ascorbic acid at pH 3) or neat supporting electrolyte 
(aqueous 0.1 M NaClO4 at pH 3) for water splitting experiments. The choice of the acidic medium 
(pH < 5) was necessary to ensure the chemical stability of WO3. Photoelectrochemical experiments 
on sensitized photoanodes were performed at a scan rate of 20 mV/s under AM.1.5 G illumination 
generated by LOT-Oriel solar simulator equipped with a 435 nm cut-off filter, in order to prevent 
significant direct bandgap excitation of all SCs. 
Dynamic Light Scattering (DLS) and ζ-Potential measurements were performed using a Malvern 
Zetasizer Nano ZS90 instrument, in poly-(methyl methacrylate) (PMMA) cuvettes filled with 1 ml of 
the solution under investigation. 
Transmission electron microscopy (TEM) measurements were performed using a Philips EM 208, 
accelerating voltage of 100 kV. 
Atomic Force Microscopy (AFM) measurements were performed on a Nanoscope V microscope 
(Digital Instruments  Metrology  Group, model MMAFMLN) in  tapping mode in air at room 
temperature, using standard µmash®  SPM probe  (NSC15/AIBS)  with  tip  height  20-25 µm, cone  
angle <40°  (Resonant frequency  325 kHz, force constant of ~ 46N/m). Image analysis was 
performed with WsXM software (Nanotec Electronica s.l.).[5] 
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3. Methods 
Computational methodologies 
Models and calculations were performed using the Gaussian 09W (Revision D.01) suite and 
GaussView v.5.0.8 for the graphic elaboration of the models and for the images provided within the 
thesis.[6] 
For what concerns geometries of organic molecules, simulation of their UV-Vis, IR and Raman 
spectra, models were implemented at the HSEh1PBE[7]/6-311+g(d,p) level of Density Functional 
Theory (DFT) [8] in vacuum. 
For what concerns models for Ru4POM structures, structures required to be simplified in order to 
reduce calculations computational cost. Thus, polyoxotungstate cages were removed and substituted 
with Cl-atoms, as already reported for similar calculations in the literature.[9] Models were 
implemented using the polarized continuum model (IEF-PCM),[10] in order to emulate the presence 
of aqueous environment; geometries optimization was performed using B3LYP functional[11]  and 2 
different basis sets for a correct description of the different elements, respectively 6-311+G(d,p) Pople 
basis set.[12] for H, O and Cl atoms and LANL2DZ[13] basis set for Ru atoms. Single point energies 
for the PBI2+@Ru4POM models were evaluated using the same basis sets mentioned before, but a 
different functional was chosen, wB97X-D,[14] in order to take in account long-range interactions.  
For what concerns PTCDI@CNTs models, chiralities (8,3) and (7,5) were chosen for interacting with 
PBI2+ and 2Br-PBI2+, respectively, in accordance with experimental data. Nanotubes fragments were 
designed with an approximate length of ~ 2.5 nm, in order to reduce the computational cost of the 
calculations. Geometries of non-covalently functionalized SWCNTs have been optimized at the 
wB97X-D [14]/6-31g(d) level of Density Functional Theory (DFT) in vacuum.[15]  
 
Sample preparation procedure for TEM analysis. 
If not differently specified, for purely organic materials and PBI2+@Ru4POM hybrids, a solution of 
the sample with concentration ~ 0.1 mg/ml were prepared; depending from the solubility of the 
material, chloroform and water were used as solvent for dispersing hydrophobic and hydrophilic 
materials respectively. Afterwards, 20 μL of the solution were added drop by drop onto a carbon 
coated 3.00 mm - 200 mesh Ni grid (EM Sciences, Gibbstown, NJ) followed by solvent evaporation 
under vacuum. 
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If not differently specified, for CNMs-based hybrids, a mixture of the sample with concentration ~ 0.1 
mg/ml in DMF was prepared; the dispersion was treated with sonic bath irradiation for 30’ in order to 
reach a sufficient degree of dispersion. Afterwards, 20 μL of the solution were added drop by drop 
onto a carbon coated 3.00 mm - 200 mesh Ni grid (EM Sciences, Gibbstown, NJ) followed by solvent 
evaporation under vacuum. 
 
Sample preparation procedure for AFM analysis. 
If not differently specified, for purely organic materials and PBI2+@Ru4POM hybrids, a solution of 
the sample with concentration ~ 0.01 mg/ml is prepared; depending from the solubility of the material, 
chloroform and water have been used as solvent for dispersing hydrophobic and hydrophilic materials 
respectively. Afterwards, 40 μL of the solution are spin coated for 6’@ 4000 rpm over Si wafer (0.5 
x 0.5 cm), then gently rinsed with water and acetone, and dried under Ar steam, and finally dried under 
vacuum in order to remove the excess of solvents. 
If not differently specified, for CNMs and CNMs-based hybrids, a mixture of the sample with 
concentration ~ 0.01 mg/ml in DMF is prepared; the dispersion is treated with sonic bath irradiation 
for 30’ in order to reach a sufficient degree of dispersion. Afterwards, 40 μL of the solution are spin 
coated for 6’@ 4000 rpm over Si wafer (0.5 x 0.5 cm), then gently rinsed with water and acetone, and 
dried under Ar steam, and finally dried under vacuum in order to remove the excess of solvents. 
 
Determination of the oxygen evolution kinetic profiles 
Oxygen evolution kinetics were performed in aqueous solution (14 mL) containing PBI2+, Na2S2O8 
and Ru4POM, kept under vigorous stirring. The glass reactor (24 mL volume, internal diameter of 18 
mm), was purged with nitrogen and allowed to equilibrate in the dark at 25 °C. Irradiation of the 
solution was conducted with one monochromatic LED emitting at 505 nm (photon flux 2.28 × 10-8 
einstein·s-1). Oxygen evolution was monitored with a FOXY-R-AF probe, inserted in the reaction 
headspace and interfaced with a Neofox Real-Time software for data collection; dissolved oxygen was 
assumed to be negligible. The rate of oxygen production has been taken from the initial slope of the 
kinetic curves. Reactions have been run in duplicates; it has been confirmed that the concomitant 
presence of PBI2+, Na2S2O8, Ru4POM and light was necessary to achieve oxygen production. The 
number of absorbed photons has been assumed to be equivalent to the number of incident photons, 
given the high optical density of the solution and the negligible loss of photons by reflection events. 
The incident photons on the reactor have been obtained by measuring the power emitted from one 
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LED by means of a Newport 1835-C multi-function optical powermeter equipped with a model 818-
UV calibrated silicon detector.  
 
Determination of the Q.E. for oxygen production 
Q.E. was determined in accordance with the following equation: 
 
The formula accounts for an overall oxygen evolution where two photons are needed to yield a total 
of four holes accumulation on the ruthenium catalyst and to produce one O2 molecule, depending on 
the use of persulfate as sacrificial oxidant (equations. 1-9). 
1) PBI2+ + hν → 1*PBI2+ 
2) 1*PBI2+ + Ru4POM → PBI+ + Ru4POM(h+) 
3) PBI+ + S2O8
2- → PBI2+ + SO42- + SO4•- 
4) Ru4POM(h
+) + SO4
•-  → Ru4POM(2h+) + SO42- 
5) PBI2+ + hν → 1*PBI2+ 
6) 1*PBI2+ + Ru4POM(2h
+) → PBI+ + Ru4POM(3h+) 
7) PBI+ + S2O8
2- → PBI2+ + SO42- + SO4•- 
8) Ru4POM(3h
+) + SO4
•-  → Ru4POM(4h+) + SO42- 
9) Ru4POM(4h
+) + 2 H2O
  → Ru4POM + O2 + 4 H+ 
A possible competitive route can occur where the sulphate radical, SO4
•- oxidizes PBI+ instead of 
Ru4POM. 
Equations 1-3 are represented in the energy diagram of Figure 2 (main text), as processes a-c; the 
energy of the excited state 1*PBI2+ is +2.3 eV with respect to the ground state PBI2+ (eq. 1); the redox 
potential of the couple 1*PBI2+ / PBI·+ is calculated from the sum of the energy of the ground state and 
the redox potential of the couple PBI2+ / PBI·+ (-0.12 V vs NHE, see figure S6). Electron transfer from 
Ru4POM to 
1*PBI2+, forming Ru4POM(h
+) and  PBI·+ (eq. 2) is exergonic by 1.52 eV, as calculated 
from the difference of the reduction potentials of  1*PBI2+/PBI+ (2.18 V vs NHE) and of Ru4POM(h
+)/ 
Ru4POM (0.66 V vs NHE). Subsequent electron transfers from oxidized Ru4POM to 
1*PBI2+ are 
exergonic by 1.28, 1.05, 0.83 and 0.78 eV, respectively, as calculated from the difference of the 
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reduction potentials of  1*PBI2+/PBI+ (2.18 V vs NHE) and of redox processes of Ru4POM  (+0.90, 
+1.13, +1.35 and +1.40 V vs NHE, respectively, see figure S8). Electron transfer from PBI+ to S2O8
2-
, forming PBI2+, SO4
2- and SO4
•- (eq. 3) is exergonic by 0.74 V, as calculated from the difference of 
the reduction potentials of S2O8
2-/ SO4
2- + SO4
- (0.62 V vs NHE) (5) and of PBI2+/PBI+ (-0.12 V vs 
NHE). 
 
Surface deposition of PBI2+ for oxygen evolution experiments 
Spray deposition of a PBI2+ solution (10-4 M in DMF) on a glass cover, previously treated with 
H2SO4/H2O2 4:1, and kept over a heating plate at constant temperature of 200˚C, yields a photoactive 
PBI2+ homogeneous layer. The glass surface is then rinsed with water for removing the excess of PBI2+ 
and washed again with acetone. Photocatalytic oxygen evolution nucleating from the decorated glass 
surface was observed upon its irradiation with a Helios Italquartz GR.E.500 lamp, λmax = 366 nm, Pmax 
= 500 W/cm, within a plastic cuvette filled with an aqueous solution (3 mL, pH 7 buffer phosphate) 
containing Ru4POM (6 × 10
-5 M) and Na2S2O8 (5 × 10
-4 M). The photocatalytic surface is checked 
before and after catalysis by FT-IR and Raman spectroscopies, showing that PBI2+ deposition remains 
stable. 
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4. Detailed experimental procedures & data 
General procedure for the synthesis of PTCDIs bearing alkylamines in imide position (1-6) 
100 mg of PTCDA were suspended in dry DMF (5 mL) in presence of 2 eq. of the corresponding 
amine in a pressure tight microwave tube. The suspension was treated with sonic bath irradiation for 
few minutes before heating under microwave irradiation at 50W for 10’ - 5 cycles (max T set at 200 
°C). After cooling down the mixture, 50 mL of NaOH 1 M were added to the crude and the resulting 
suspension stirred for 20’. The precipitate was filtered, washed with water until pH neutralization and 
dried under vacuum. 
 
General procedure for the synthesis of PTCDIs bearing aromatic amines in imide position (7-8) 
100 mg of PTCDA were suspended in dry DMF (5 mL) in presence of 4 eq. of the corresponding 
amine and 50 μL of Et3N in a pressure tight microwave tube. The suspension was treated with sonic 
bath irradiation for few minutes before heating under microwave irradiation 80 W for 10’ - 10 cycles 
(max T set at 200 °C). After cooling the mixture, 50 mL of KOH 10% solution were added to the 
crude and the suspension stirred 2h. The precipitate was filtered, washed with water until pH 
neutralization and dried under vacuum. 
 
General procedure for the synthesis of PTCDIs bearing aminoacidic derivatives in imide 
position (9-11) 
100 mg of PTCDA were suspended in dry DMF (5 mL) in presence of 4 eq. of the corresponding 
amine and 50 μL of Et3N in a pressure tight microwave tube. The suspension was treated with sonic 
bath irradiation for few minutes before heating under microwave irradiation at 50 W for 10’ - 5 cycles 
(max T set at 200 °C). After cooling the mixture, 50 mL of pH 8 solution were added to the crude 
and the suspension stirred for 2h. The precipitate (unreacted anhydride) was filtered and removed. 
The solution was then acidified with HCl 5% aqueous solution and the precipitated filtered, washed 
with water and dried under vacuum. 
 
General procedure for the synthesis of core-halogenated PTCDIs bearing alkilamine 
derivatives in imide position (12-17) 
1,6,7,12-tetrachloro-perylene-3,4,9,10-tetracarboxylic dianhydride (4Cl-PTCDA) and 1,6,7,12-
tetrabromo-perylene3,4,9,10-tetracarboxylic dianhydride (4Br-PTCDA) were prepared in accordance 
with procedures already reported in the literature.[16, 17] 100 mg of 4Cl- or 4Br-PTCDA were 
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suspended in dry DMF (5 mL) in presence of 2 eq. of the corresponding amine in a pressure tight 
microwave tube. The suspension was treated with sonic bath irradiation for few minutes before 
heating under microwave irradiation at 50 W for 10’ (max T set at 200 °C). After cooling the mixture, 
50 mL of NaOH 1 M were added to the crude at the suspension stirred for 20’. The precipitate was 
filtered, washed with water until pH neutralization and dried under vacuum. 
 
Synthesis of Na10[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2] (Ru4POM) 
The molecular polyoxometalate was provided from Prof. Marcella Bonchio’s group; all the batches 
of the compound were synthetized and characterized in accordance with the already published 
protocol.[9] 
 
Synthesis of PTCDI@CNMs hybrid materials. 
A 0.1 % solution of PTCDI in distilled water was prepared. After stirring the solution for a few 
minutes at r.t. for attempting the total dispersion of the perylenes surfactant, a precise quantity of 
CNMs is added; depending from the experiments, the quantity ranges from 0,2 to 8 mg/mL. 
Afterwards, the mixture is treated with sonic bath irradiation for 2 h at r.t. and stirred for overnight; 
the non-functionalized CNMs were subsequently removed by centrifugation for 1 h @ 3000 r.p.m., 
thus the supernatant solution was collected. 
For what exclusively concerns the preparation of graphene-based hybrids, 200 mg of PTCDIs were 
dissolved in 20 mL aqueous solution; after stirring the solution for 5 minutes for avoiding the 
formation of aggregates in solution. Then, 20 mg of graphite flakes were added and the mixture was 
treated with sonic tip irradiation for 2 hours and constantly kept at r.t., and then stirred for overnight 
at 60 °C. The mixture was then centrifuged for 1h @ 3000 r.p.m., and the supernatant solution was 
collected.  
For UV-Vis-NIR light absorption experiments, supernatant solution was diluted 60 times for not 
occurring the saturation of the detector due to the intense absorption of perylenes. Raman samples 
were prepared by filtration of the supernatant solution with a Millipore apparatus and successively 
washing the filter with large aliquots of water and acetone in order to remove the excess of 
supernatant. TGA were prepared using the procedure for preparing Raman samples plus scratching 
the filter in order to recover the material. ζ- Potential has been evaluated on the supernatant solution 
without any dilutions. 
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Preparation of the colloidal metal oxides pastes 
ZrO2 and WO3 colloidal pastes were prepared according to previously reported directions.
[18] 
Colloidal IrO2 nanoparticles (NPs) solution was prepared by following literature routes.
[19] 
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4.1 Organic molecules synthesis & characterization data 
 
N,N–Bis(N’,N’-dimethylaminoethylenamine)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 1) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.89 (d, J = 8 Hz, 4H), 8.81 (d, J = 8 Hz, 4H), 4.78 (bt, 4H), 
3.75 (bt, 4H), 3.19 (s, 12H) 
13C NMR (TFAd, 500 MHz) - δC (ppm): 168.8, 138.7, 135.5, 131.6, 128.8, 126.8, 123.7, 60.6, 46.2, 
38.5 
FT-IR (powder; cm-1): 1695, 1652, 1592, 1509, 1444, 1404, 1341 
λabs. (TFA) = 537 nm; λem. (TFA) = 554 nm 
MALDI-MS (m/z) – calculated for C32H28N4O4: 532.59; found: 533.09 
 
The characterization is in agreement with values already present in literature[20] 
 
Note: the compound was synthetized both with MW-assisted approach and classic approach. Herein, 
the classic procedure is mentioned: 
a mixture of PTCDA (2 gr, 5.13 mmol) and N,N-dimethylaminoethanamine (9 mL) in quinoline (20 
mL) was prepared; the solution was stirred at 160°C under Ar atmosphere for 24 h, then MeOH is 
added (50 ml) and the mixture was stirred for further ½ h. After cooling down the mixture, the 
precipitate was filtered, washed with 2 x 40 mL MeOH, and the resulting dark red powder dried under 
vacuum. 
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N,N–Bis(N’,N’-methoxyethylenamine)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 2) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.76 (d, J = 8 Hz, 4H), 8.74 (d, J = 8 Hz, 4H), 4.69 (t, J = 5 
Hz, 4H), 4.13 (t, J = 5 Hz, 4H), 3.65 (s, 6H) 
13C NMR (TFAd, 500 MHz) - δC (ppm): 168.0, 138.1, 135.1, 131.2, 128.1, 126.1, 124.1, 71.9, 59.6, 
41.5 
FT-IR (powder; cm-1): 1682, 1656, 1596, 1507, 1436, 1404, 1348 
λabs. (TFA) = 535 nm; λem. (TFA) = 550 nm 
MALDI-MS (m/z) – calculated for C30H22N2O6: 506.15; found: 504.94 
 
Note: the compound was synthetized both with MW-assisted approach and classic approach. Herein, 
the classic procedure is mentioned: 
a mixture of PTCDA (0,250 gr, 0.64 mmol) and 2-methoxyethanamine (5 mL) in quinoline (20 mL) 
was prepared; the solution was stirred at 160°C under Ar atmosphere for 24 h, then MeOH is added 
(20 ml) and the mixture was stirred for further ½ h. After cooling down the mixture, the precipitate 
was filtered, washed with 2 x 40 mL MeOH, and the resulting dark red powder dried under vacuum. 
 
  
Chapter 9 – Experimental section 
145 
 
N,N–Bis(3-(1H-imidazol-1-yl)propyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 3) 
 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.75 (m, 10H), 7.47 (d, J = 8 Hz, 2H), 7.37 (d, J = 8 Hz, 2H), 
4.43 (bd, 4H), 4.37 (bd, 4H), 2.47 (bm, 4H) 
13C NMR (TFAd, 500 MHz): - δC (ppm) 168.1, 138.4, 136.6, 135.2, 131.4, 130.8, 130.1, 128.5, 126.4, 
124.0, 49.5, 39.7, 30.1 
FT-IR (powder cm-1): 1686, 1644, 1593, 1439, 1343, 1252 
λabs. (TFA) = 536 nm; λem. (TFA) = 552 nm 
MALDI-MS (m/z) – calculated for C36H26N6O4: 606.63; found: 606.82 
 
The characterization is in agreement with values already present in literature[21] 
 
Note: the compound was synthetized both with MW-assisted approach and classic approach. Herein, 
the classic procedure is mentioned: 
a mixture of PTCDA (0,250 gr, 0.64 mmol) and 1-(3-aminopropyl)imidazole (5 mL) in quinoline (20 
mL) was prepared; the solution was stirred at 160°C under Ar atmosphere for 24 h, then MeOH is 
added (20 ml) and the mixture was stirred for further ½ h. After cooling down the mixture, the 
precipitate was filtered, washed with 2 x 40 mL MeOH, and the resulting dark red powder dried under 
vacuum. 
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N,N–Bis(2-(2-hydroxyethoxy)ethyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 4) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.82 (s, 8H), 4.96 (t, J = 10Hz, 4H), 4.76 (q, J = 6Hz, 4H), 
4.02 (m, 4H), 3.87 (m, 4H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 168.2, 138.2, 135.2, 131.8, 128.9, 126.5, 124.1, 78.0, 70.4, 
68.9, 41.7 
FT-IR (powder; cm-1): 1687, 1651, 1591, 1438, 1402, 1369, 1336 
λabs. (TFA) = 535 nm; λem. (TFA) = 552 nm 
MALDI-MS (m/z) – calculated for C32H26N2O8: 566.56; found: 564.85 
 
The characterization is in agreement with values already present in literature[22] 
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N,N–Bis(4-hydroxybutyl)3,4,9,10-perylene tetracarboxylic diimide  
(PTCDI compound 5) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.83 (s, 8H), 4.75 (bt, 4H), 4,66 (bt, 4H), 4.27 (bt, 4H), 4.19 
(bt, 4H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 168.3, 138.3, 135.3, 131.6, 128.5, 126.4, 124.1, 78.0, 70.3, 
68.8, 41.8 
FT-IR (powder; cm-1): 1693, 1649, 1594, 1577, 1436, 1404, 1341 
λabs. (pyridine) = 535 nm; λem. (pyridine) = 549 nm 
MALDI-MS (m/z) – calculated for C32H26N2O6: 534.56; found: 536.03  
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N,N–Bisoctyl-3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 6) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.74 (s, 8H), 4.21 (m, 4H), 1.73 (m, 4H), 1.22 (m, 20H), 0.76 
(m, 6H) 
FT-IR (powder; cm-1): 1740, 1592, 1366, 1300, 1231, 1216 
λabs. (TFA) = 535 nm; λem. (TFA) = 549 nm 
 
The characterization is in agreement with values already present in literature[23] 
 
Note: the compound was synthetized both with MW-assisted approach and classic approach. Herein, 
the classic procedure is mentioned: 
a mixture of PTCDA (0,250 gr, 0.64 mmol) and octylamine (5 mL) in quinoline (20 mL) was 
prepared; the solution was stirred at 160°C under Ar atmosphere for 24 h, then MeOH is added (20 
ml) and the mixture was stirred for further ½ h. After cooling down the mixture, the precipitate was 
filtered, washed with 2 x 40 mL MeOH, and the resulting dark red powder dried under vacuum. 
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N,N–Bis(pyridine-4-yl)3,4,9,10-perylene tetracarboxylic diimide  
(PTCDI compound 7) 
 
 
1H NMR (C5D5N, 500 MHz) - δH (ppm): 8.23 (d, J = 3Hz, 4H), 8.21 (d, J = 3Hz, 4H), 7.85 (d, J = 
4Hz, 4H), 7.83 (d, J = 4Hz, 4H) 
FT-IR (powder; cm-1): 1705, 1665, 1590, 1360 
λabs. (pyridine) = 529 nm; λem. (pyridine) = 540 nm 
MALDI-MS (m/z) – calculated for C34H16N4O4: 544.53; found: 544.96 
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N,N–Bis(3,4-dihydroxyphenethyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 8) 
 
 
1H NMR (C5D5N, 500 MHz) - δH (ppm): 8.38 (s, 8H), 7.80 (d, J = 1Hz, 2H), 7.56 (d, J = 8Hz), 7.33 
(dd, J1 = 8Hz, J2 = 1Hz, 2H), 5.01 (t, J = 8Hz, 4H), 3.58 (t, J = 8Hz, 4H) 
FT-IR (powder; cm-1): 1691, 1648, 1631, 1401 
λabs. (pyridine) = 531 nm; λem. (pyridine) = 546 nm 
MALDI-MS (m/z) – calculated for C40H26N2O8: 662.64; found: 662.65 
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N,N–Bis(3,5-dicarboxyphenyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 9) 
 
 
1H NMR (D2O, 500 MHz) - δH (ppm): 8.52 (s, 4H), 8.35 (d, J = 7, 4H), 8.25 (s, 2H), 8.05 (brs, 4H), 
7.76 (d, J = 7, 4H) 
FT-IR (powder; cm-1): 1690, 1650, 1593, 1506, 1405, 1300 
λabs. (basic water) = 467 nm; λem. (basic water) = 484 nm 
MALDI-MS (m/z) – calculated for C40H18N2O12: 718.58; found: 720.53 
 
The characterization is in agreement with values already present in literature[24] 
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N,N–Bis(carboxymethyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 10) 
 
 
 
1H NMR (D2O, 500 MHz) - δH (ppm): 8.39 (d, J = 7, 4H), 7.79 (d, J = 7.2, 4H), 4.76 (s, 4H) 
FT-IR (powder; cm-1): 1687, 1642, 1591, 1576, 1507, 1441, 1401 
λabs. (basic water) = 466 nm; λem. (basic water) = 482 nm 
MALDI-MS (m/z) – calculated for C28H14N2O8: 506.42; found: 502.78 
 
The characterization is in agreement with values already present in literature[25] 
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N,N–Bis(carboxyethyl)3,4,9,10-perylene tetracarboxylic diimide 
(PTCDI compound 11) 
 
 
1H NMR (D2O, 500 MHz) - δH (ppm): 7.75 (s, 8H), 4.15 (bt, 4H), 2.50 (bt, 4H) 
FT-IR (powder; cm-1): 1697, 1661, 1593, 1506, 1403, 1347, 1300 
λabs. (basic water) = 538 nm; λem. (basic water) = 547 nm 
MALDI-MS (m/z) – calculated for C30H18N2O8: 534.47; found: 532.17 
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1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA compound 4Cl-PTCDA) 
 
Preparation: 
a solution of PTCDA (5 gr, 12.69 mmol) in chlorosulfonic acid (50 mL) is prepared, then iodine is 
added (900 mg, 3,55 mmol) and the mixture is stirred at 70°C for 24 h. After cooling down the 
solution, an equivalent volume of ice is added and the mixture filtered and washed cold water. The 
resulting solid is dried under vacuum to afford compound 4Cl-PTCDA (6.72 gr, quantitative) as a red 
powder. Due to the insolubility of the material, the compound is directly used for the next passages, 
as suggested in literature.[16] 
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N,N–Bis(N’,N’-dimethylaminoethylenamine)1,6,7,12-tetrachloro3,4,9,10-perylene tetracarbo-
xylic diimide 
(PTCDI compound 12) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.90 (s, 4H), 4.77 (bt, 4H), 3.75 (bt, 4H), 3.20 (s, 6H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 167.2, 140.7, 139.8, 135.9, 131.0, 130.2, 126.0, 60.2, 46.0, 
38.3 
FT-IR (powder; cm-1): 1698, 1662, 1585, 1434, 1427, 1384, 1345 
λabs. (TFA) = 542 nm; λem. (TFA) = 585 nm 
MALDI-MS (m/z) – calculated for C32H24Cl4N4O4: 670.37; found: 670.16 
 
The characterization is in agreement with values already present in literature[16] 
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N,N–Bis(N’,N’-methoxyethylenamine)1,6,7,12-tetrachloro3,4,9,10-perylene tetracarboxylic 
diimide 
 (PTCDI compound 13) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.74 (s, 4H), 4.65 (bt, 4H), 4.09 (bt, 4H), 3.61 (s, 6H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 164.8, 136.3, 133.9,130.9, 129.9, 123.0, 121.7, 69.2, 57.4, 
39.1 
FT-IR (powder; cm-1): 1702, 1662, 1588, 1562, 1451, 1430, 1388, 1339, 1307 
λabs. (TFA) = 537 nm; λem. (TFA) = 568 nm  
MALDI-MS (m/z) – calculated for C30H18Cl4N2O6: 644.29; found: 646.94 
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N,N–Bis(3-(1H-imidazol-1-yl)propyl)1,6,7,12-tetrachloro3,4,9,10-perylene tetracarboxylic 
diimide 
(PTCDI compound 14) 
 
 
1H NMR (CDCl3, 400 MHz) - δH (ppm): 8.68 (m, 4H), 7.63 (s, 2H), 7.07 (s, 2H), 7.03 (s, 2H), 2H 
4.27 (s, 4H), 4.13 (s, 4H), 2.31 (s, 4H).  
13C NMR (TFAd, 500 MHz) – δC (ppm): 164.6, 136.3, 134.4, 133.9, 129.9, 128.6, 127.8, 121.7, 121.6, 
120.0, 47.4, 37.6, 28.0 
FT-IR (powder; cm-1): 1699, 1659, 1594, 1437, 1394, 1340 
λabs. (TFA) = 537 nm; λem. (TFA) = 577 nm  
MALDI-MS (m/z) – calculated for C36H22Cl4N6O4: 744.41; found: 746.35 
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1,6,7,12-tetrabromoperylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA compound 4Br-PTCDA) 
 
 
A dispersion of PTCDA (10 gr, 25 mmol) in H2SO4/fuming H2SO4 5:1 sol. (130 mL) is prepared; the 
mixtyre is stirred for 12 h @ r.t., then the mixture is heated to 80 °C, I2 is added (155 mg, 0.62 mmol) 
and then bromine is added (2.7 mL, 8.4 mmol) in 6 h. The solution is stirred for further 24 h, and 
after that, I2 and Br2 are added with the same rate and quantities. The dispersion is stirred for further 
24 h and, once cooled, the excess of bromine is removed by a gentle stream of Ar till total absence of 
orange fumes; ice is added (50 gr), and the precipitate is filtered through G4 funnel, washed with 
H2SO4 and then with water till neutralization of the filtered solutions. The resulting solid is dried 
under vacuum to afford compound 4Br-PTCDA (18.04 gr, quantitative) as a red powder. Due to the 
insolubility of the material, the compound is directly used for the next passages, as suggested in 
literature.[17]  
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N,N–Bis(N’,N’-dimethylaminoethylenamine)1,6,7,12-tetrabromo3,4,9,10-perylene tetracarbo-
xylic diimide 
 (PTCDI compound 15) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.77 (s, 4H), 4.81 (bt, 4H), 3.79 (bt, 4H), 3.22 (s, 6H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 167.0, 138.3, 135.9, 132.9, 132.0, 124.9, 123.4, 67.4, 59.1, 
37.7 
FT-IR (powder; cm-1): 1704, 1664, 1588, 1423, 1385, 1340, 1287, 1242 
λabs. (TFA) = 531 nm; λem. (TFA) = 573 nm 
MALDI-MS (m/z) – calculated for C32H24Br4N4O4: 848.17; found: 425.53 (M2+)  
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N,N–Bis(N’,N’-methoxyethylenamine)1,6,7,12-tetrabromo3,4,9,10-perylene tetracarboxylic 
diimide 
(PTCDI compound 16) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.85 (s, 4H), 4.60 (bt, 4H), 4.04 (bt, 4H), 3.57 (s, 6H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 167.5, 139.8, 135.7, 133.4, 126.8, 126.2, 123.6, 71.7, 59.9, 
41.5 
FT-IR (powder; cm-1): 1699, 1663, 1583, 1379, 1342, 1285 
λabs. (TFA) = 540 nm; λem. (TFA) = 579 nm 
MALDI-MS (m/z) – calculated for C32H26N2O6: 822.09; found: 825.40 
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N,N–Bis(3-(1H-imidazol-1-yl)propyl)1,6,7,12-tetrabromo3,4,9,10-perylene tetracarboxylic 
diimide 
(PTCDI compound 17) 
 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 8.83 (m, 4H), 7.70 (s, 2H), 7.10 (d, J = 4 Hz, 2H), 7.05 (d, J 
= 4 Hz, 2H), 4.27 (t, J = 5 Hz, 4H), 4.13 (t, J 5 Hz, 4H), 2.30 (m, J = 5 Hz, 4H) 
13C NMR (TFAd, 500 MHz) – δC (ppm): 164.5, 137.1, 134.4, 133.2, 130.8, 124.3, 123.6, 12.7, 121.0, 
120.0, 47.3, 37.6, 28.1 
FT-IR (powder; cm-1): 1701, 1659, 1584, 1507, 1507, 1435, 1413, 1386, 1371, 1308, 1282 
λabs. (TFA) = 531 nm; λem. (TFA) = 590 nm 
MALDI-MS (m/z) – calculated for C36H22Br4N6O4: 922.21; found: 922.15 
  
Chapter 9 – Experimental section 
162 
 
N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)3,4,9,10-perylene tetracarboxylic bisimide 
bisiodide salt 
(PTCDI compound 18) 
 
 
A solution of compound 1 (1 gr, 1.88 mmol) and MeI (9 mL) in toluene (80 mL) was prepared; the 
solution was stirred at 85°C for 5 h. The solution was cooled to r.t., and then the precipitate filtered 
and washed with 2 x 30 mL Et2O. The resulting solid was dried under vacuum to afford compound 
18 (1.52 gr, 99 %) as a dark red powder. 
 
1H NMR (TFAd, 270 MHz) - δH (ppm): 8.88 (d, J = 8 Hz, 4H), 8.80 (d, J = 8 Hz, 4H), 4.83 (bt, 4H), 
3.84 (bt, 4H), 3.36 (s, 18H) 
13C NMR (TFAd, 270 MHz) δC (ppm): 167.8, 138.6, 135.5, 131.6, 128.7, 126.7, 123.5, 64.6, 55.6, 
36.4 
FT-IR (powder, cm-1): 1694, 1657, 1593, 1439, 1403, 1343 
Raman (powder; cm-1): 1592, 1574, 1451, 1373, 1297 
λabs. (TFA) = 536 nm; λem. (TFA) = 553 nm 
ESI-MS (m/z) – calculated for C34H24I2N4O4: 816.47; found: 281.5 (PBI2+)   
 
The characterization is in agreement with values already present in literature.[20] 
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)3,4,9,10-perylene tetracarboxylic bisimide 
bischloride salt 
(PTCDI compound 19, or PBI2+) 
 
 
Compound 18 (1.52 gr, 1.86 mmol) was solubilized in a mixture of MeOH/HClconc. 10:1 (110 mL) 
and the solution was stirred for 5 h at 70°C. Afterwards, the solution was then cooled to room 
temperature, and the precipitate is filtered and washed with 2 × 30 mL toluene and 2 × 30 mL Et2O. 
The resulting solid was dried under vacuum to afford compound 19 (1.09 gr, 93 %) as a dark red 
powder.  
 
1H NMR (TFAd, 270 MHz) - δH (ppm): 8.88 (d, J = 8 Hz, 4H), 8.80 (d, J = 8 Hz, 4H), 4.83 (bt, 4H), 
3.84 (bt, 4H), 3.36 (s, 18H) 
13C NMR (TFAd, 270 MHz) δC (ppm): 167.8, 138.6, 135.5, 131.6, 128.7, 126.7, 123.5, 64.6, 55.6, 
36.4 
FT-IR (powder, cm-1): 1694, 1657, 1593, 1439, 1403, 1343 
Raman (powder; cm-1): 1592, 1574, 1451, 1373, 1297 
λabs. (TFA) = 536 nm; λem. (TFA) = 553 nm 
ESI-MS (m/z) – calculated for C34H24Cl2N4O4: 633.56; found: 597.3 (PBI2+Cl-), 281.2 (PBI2+)   
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)3,4,9,10-perylene tetracarboxylic bisimide 
bishexafluorophosphate salt 
(PTCDI compound 20) 
 
 
Compound 18 (1.52 gr, 1.86 mmol) was solubilized in saturated aqueous solution of NH4PF6 was 
added. Compound 20 was isolated by precipitation after 1h of stirring, collected by filtration, washed 
with MeOH. The final solid material was dried under vacuum to afford compound 20 (84% yield) as 
red powder. 
 
1H (acetoned, 400 MHz) - δH (ppm): 9.04 (d, J = 8 Hz, 4H), 8.73 (d, J = 9 Hz, 4H), 4.78 (t, J = 7 Hz, 
4H), 3.96 (t, J = 7 Hz, 4H), 3.60 (s, 18H) 
FT-IR (powder; cm-1): 1700, 1655, 1593, 1364, 1342 
Raman (powder; cm-1): 1591, 1575, 1374, 1297 
ESI-MS, (m/z) - calculated for C34H34F12N4O4P2: 853 562; found: 707.6 (PBI
2+PF6
-), 281.5 (PBI2+) 
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1,7-dibromoperylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA compound 2Br-PTCDA) 
 
 
A dispersion of PTCDA (10 gr, 25 mmol) in H2SO4/fuming H2SO4 5:1 sol. (130 mL) is prepared; the 
mixtyre is stirred for 12 h @ r.t., then the mixture is heated to 80 °C, I2 is added (155 mg, 0.62 mmol) 
and then bromine is added (2.7 mL, 8.4 mmol) in 6 h. The solution is stirred for further 24 h, and, 
once cooled, the excess of bromine is removed by a gentle stream of Ar till total absence of orange 
fumes; ice is added (50 gr), and the precipitate is filtered through G4 funnel, washed with H2SO4 and 
then with water till neutralization of the filtered solutions. The resulting solid is dried under vacuum 
to afford compound 2Br-PTCDA (14.02 gr, quantitative) as a red powder. Due to the insolubility of 
the material, the compound is directly used for the next passages, as suggested in literature.[17] 
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N,N–Bis(N’,N’-dimethylaminoethylenamine)1,6-dibromo-3,4,9,10-perylene tetracarboxylic 
bisimide 
(PTCDI compound 21) 
 
 
A mixture of 2Br-PTCDA (1 gr, 1.82 mmol) and N,N-dimethylaminoethanamine (2 mL) in 
Toluene/AcOH 10:1 (110 mL) was prepared; the solution was stirred at 85 °C for 24 h. The solution 
was cooled to r.t., and then the precipitate was filtered and washed with cold toluene and Et2O. The 
resulting solid was dried under vacuum to afford compound 21 (1.08 gr, 85 %) as a red powder. 
 
1H NMR (CDCl3, 270 MHz) - δH (ppm): 9.44 (d, J = 6 Hz, 2H), 8.89 (s, 2H), 8.67 (d, J = 8 Hz, 2H), 
4.43 (t, J = 6 Hz, 4H), 2.88 (t, J = 6 Hz, 4H), 2.47 (s, 12H) 
13C NMR (CDCl3, 270 MHz) – δC (ppm): 163.9, 163.4, 138.8, 133.8, 133.6, 130.8, 1299, 129.2, 
127.7, 123.9, 123.5, 121.6, 56.8, 45.3, 38.0 
FT-IR (powder; cm-1): 1700, 1661, 1590, 1435, 1393, 1345 
λabs. (TFA) = 540 nm; λem. (TFA) = 554 nm 
MALDI-MS (m/z) – calculated for C32H28N4O4: 690.38; found: 692.52 
 
The characterization is in agreement with values already present in literature.[26] 
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)1,6-dibromo-3,4,9,10-perylene tetracarbo-
xylic bisimide bisiodide salt 
(PTCDI compound 22, or 2Br-PBI2+) 
 
 
A solution of compound 21 (0.25 gr, 0.36 mmol) and MeI (5 mL) in toluene (20 mL) was prepared; 
the solution was stirred at 85°C for 5 h. The solution was cooled to r.t., and then the precipitate was 
filtered and washed with 2 x 30 ml Et2O. The resulting solid was dried under vacuum to afford 
compound 22 (0.32 gr, 98 %) as a dark red powder.  
 
1H NMR (TFAd, 270 MHz) - δH (ppm): 9.71 (bd, 2H), 9.03 (s, 2H), 8.79 (bd, 2H), 4.84 (bt, 4H), 3.92 
(bt, 4H), 3.40 (s, 18H) 
13C NMR (TFAd, 270 MHz) – δC (ppm): 166.5, 141.7, 136.9, 133.6, 131.5, 129.1, 123.6, 64.6, 55.5, 
36.5 
FT-IR (powder; cm-1): 1697, 1656, 1589, 1427, 1391, 1329 
Raman (powder; cm-1): 1590, 1551, 1451, 1429, 1359, 1319 
λabs. (TFA) = 540 nm; λem. (TFA) = 571 nm 
ESI-MS (m/z) - calculated for C34H32Br2I2N4O4: 974.26; found: 359.9 (2Br-PBI
2+) 
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N,N–Bis(N’,N’-diimethylaminoethylenamine)1,7-difluoro-3,4,9,10-perylene tetracarboxylic 
bisimide 
(PTCDI compound 23) 
 
 
Compound 21 (0.12 g, 0.17 mmol) was dispersed in sulfolane (5 mL) in an autoclave in presence of 
KF (0.01 gr, 0.17 mmol) and 18-crown-6 (0.04 gr, 0.15 mmol); the mixture is stirred at 160°C for 
overnight. The mixture is cooled down to r.t., acetone was added and the solid material filtered, 
washed with further acetone and dried under vacuum to afford compound 23 (0.10 gr, 94 %) as a dark 
red solid. 
 
1H NMR (TFAd, 500 MHz) - δH (ppm): 9.94 (d, J = 8 Hz, 2H), 9.23 (s, 2H), 8.99 (d, J = 8 Hz, 2H), 
4.99 (t, J = 5 Hz, 4H), 3.96 (t, J = 5 Hz, 4H), 3.40 (s, 12H)  
13C NMR (TFAd, 500 MHz) - δH (ppm): 165.8, 165.1, 139.6, 134.8, 134.6, 131.4, 129.4, 129.1, 126.8, 
121.6, 121.4, 120.9, 58.1, 43.9, 36.0 
FT-IR (cm-1): 1700, 1659, 1595, 1438, 1394, 1340 
λabs. (TFA) = 540 nm; λem. (TFA) = 570 nm 
MALDI-MS (m/z) – calculated for C32H26F2N4O4: 568.57; found: 568.68 
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)1,7-difluoro-3,4,9,10-perylene tetracarbo-
xylic bisimide bisiodide salt 
(PTCDI compound 24, or 2F-PBI2+) 
 
 
Compound 23 (0.12 gr, 0.21 mmol) and MeI (20 mmol) were solubilized in toluene (20 mL) and the 
mixture was stirred at 85°C for 5 h. The solution was cooled to r.t. and the precipitate was filtered 
and washed with 2 x 30 mL Et2O. The resulting solid was dried under vacuum to afford compound 
24 (0.12 gr, 67 %) as a dark red powder. 
 
1H (TFAd, 270 MHz) - δH (ppm): 9.69 (bd, 2H), 9.00 (s, 2H), 8.77 (bd, 2H), 4.74 (bt, 4H), 3.71 (bt, 
4H), 3.16 (s, 18H) 
13C (TFAd, 270 MHz) - δC (ppm): 166.6, 142.6, 137.7, 134.4, 132.1, 129.9, 124.5, 60.8, 56.3, 38.1 
FT-IR (powder, cm-1): 1695, 1655, 1590, 1395, 1331 
Raman (powder; cm-1): 1591, 1550, 1455, 1451, 1358, 1318 
λabs. (TFA) = 540 nm; λem. (TFA) = 571 nm 
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)1,6,7,12-tetrachloro-3,4,9,10-perylene 
tetracarboxylic bisimide bisiodide salt 
(PTCDI compound 25, or 4Cl-PBI2+) 
 
 
Compound 12 (0.13 gr, 0.19 mmol) and MeI (20 mmol) were solubilized in toluene (30 mL) and the 
mixture was stirred at 85°C for 5 h. The solution was cooled to r.t. and the precipitate was filtered 
and washed with 2 x 30 mL Et2O. The resulting solid wass dried under vacuum to afford compound 
25 (0.14 gr, 79 %) as a dark red powder. 
 
1H (TFAd, 270 MHz) - δH (ppm):  8.83 (s, 4H), 4.78 (bt, 4H), 3.89 (bt, 4H), 3.36 (s, 18H) 
13C (TFAd, 270 MHz) δC (ppm): 166.4, 140.6, 139.6, 135.7, 130.9, 130.1, 127.0, 64.7, 55.4, 36.6 
FT-IR (powder; cm-1): 1702, 1663, 1585, 1426, 1383). 
Raman (powder; cm-1): 1586, 1531, 1443, 1339 
λabs. (TFA) = 531 nm; λem. (TFA) = 584 nm 
ESI-MS (m/z) – calculated for C32H24Cl4N4O4: 954.25; found: 350.06 (4Cl-PBI2+) 
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N,N–Bis(N’,N’,N’-trimethylamoniumethylenamine)1,6,7,12-tetrabromo-3,4,9,10-perylene 
tetracarboxylic bisimide bisiodide salt 
(PTCDI compound 26, or 4Br-PBI2+) 
 
 
Compound 15 (0.14 gr, 0.16 mmol) and MeI (20 mmol) were solubilized in toluene (30 mL) and the 
mixture was stirred at 85°C for 5 h. The solution was cooled to r.t. and the precipitate was filtered 
and washed with 2 x 30 mL Et2O. The resulting solid was dried under vacuum to afford compound 
26 (0.12 g, 65 %) as a dark red powder. 
 
1H (TFAd, 270 MHz) - δH (ppm):  9.08 (s, 4H), 5.10 (bt, 4H), 4.08 (bt, 4H), 3.52 (s, 18H); 
13C (TFAd, 270 MHz) - δC (ppm):166.4, 138.7, 136.2, 133.1, 132.3, 130.0, 125.0, 60.0, 45.7, 38.0 
FT-IR (powder, cm-1): 1702, 1665, 1588, 1420, 1390, 1341 
Raman (powder cm-1); 1590, 1551, 1454, 1358, 1320 
λabs. (TFA) = 541 nm; λem. (TFA) = 572 nm 
ESI-MS (m/z) – calculated for C32H24Br4N4O4: 1132.05; found: 438.95 (4Br-PBI2+) 
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4.2 Steady-state spectroscopic data and titrations 
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Figure 9.1. Steady-state fluorescence spectra registered PBI2+@Ru4POM hybrid in aqueous solution 
at pH 2.5 (c = 2.85 10-5 M) 
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Figure 9.2. Steady-state UV-Vis absorption spectra obtained after addition of Ru4POM aqueous 
solution to an acetate buffer solution of PBI2+ at pH 5.2 (c = 2,85 10-5 M) at r.t. 
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Figure 9.3. Steady-state fluorescence spectra obtained after addition of Ru4POM aqueous solution to 
an acetate buffer solution of PBI2+ at pH 5.2 (c = 2,85 10-5 M) at r.t. 
 
400 500 600 700
0
2
4
6
8
10
O
.D
. 
(a
.u
.)
Wavelength (nm)
 20°C
 25°C
 30°C
 35°C
 40°C
 45°C
 50°C
 55°C
 60°C
 65°C
 70°C
 
Figure 9.4. Steady-state fluorescence spectra registered PBI2+@Ru4POM hybrid in acetate buffer 
solution at pH 2.5 (c = 2.85 10-5 M) 
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Figure 9.5. Steady-state UV-Vis absorption spectra obtained after addition of Ru4POM aqueous 
solution to an aqueous solution of PBI2+ at pH 7.0 (c = 2,85 10-5 M) at r.t. 
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Figure 9.6. Steady-state fluorescence spectra obtained after addition of Ru4POM aqueous solution to 
an aqueous solution of PBI2+ at pH 7.0 (c = 2,85 10-5 M) at r.t. 
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Figure 9.7. Steady-state fluorescence spectra registered PBI2+@Ru4POM hybrid in aqueous solution 
at pH 7.0 (c = 2.85 10-5 M) 
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Figure 9.8. Titration of the AuNPs aqueous solution with an aqueous solution of 2F-PBI2+ 
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Figure 9.9. Titration of the AuNPs aqueous solution with an aqueous solution of 2Br-PBI2+ 
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Figure 9.10. Titration of the AuNPs aqueous solution with an aqueous solution of 4Cl-PBI2+ 
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Figure 9.11. Absorption spectrum of AuNPs synthetized with LaSiS approach (c = 1.38 x 10-9 M) 
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4.3 Raman spectra data  
 
 
Figure 9.12. Raman spectrum for PBI2+@AuNPs hybrid (λexc. = 633 nm) 
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Figure 9.13. Raman spectrum for 2F-PBI2+@AuNPs hybrid (λexc. = 633 nm) 
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Figure 9.14. Raman spectrum for 2Br-PBI2+@AuNPs hybrid (λexc. = 633 nm) 
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Figure 9.15. Raman spectrum for 4Cl-PBI2+@AuNPs hybrid (λexc. = 633 nm) 
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Figure 9.16. Raman spectrum for 4Br-PBI2+@AuNPs hybrid (λexc. = 633 nm) 
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4.4 TEM and AFM images 
 
             
 
Figure 9.17. TEM images of PBI2+@Ru4POM hybrids obtained after evaporation of the sample at 
pH 5.2; from left to right, a wider area (scale bar = 2 μm) and an enlargement of the previous image 
(scale bar = 200 nm) 
 
          
 
Figure 9.18. TEM images of PBI2+@Ru4POM aggregates obtained after evaporation of the sample 
at pH 7.0; from left to right, a wider area (scale bar = 500 nm) and an enlargement of the previous 
image (scale bar = 100 nm) 
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Figure 9.19. TEM images of PBI2+@MWCNTs hybrids obtained after evaporation of the sample; 
from left to right, a wider area (scale bar = 1000 nm) and an enlargement of the previous image (scale 
bar = 100 nm) 
 
 
 
Figure 9.20. TEM images of 2Br-PBI2+@SWCNHs hybrids obtained after evaporation of the sample 
(scale bar = 2000 nm) 
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Figure 9.21. TEM images of PBI2+@MWCNTs hybrids obtained after evaporation of the sample; 
from left to right, a wider area (scale bar = 2000 nm) and an enlargement of the previous image (scale 
bar = 100 nm) 
 
        
 
Figure 9.22. TEM images of 2Br-PBI2+@SWCNHs hybrids obtained after evaporation of the sample; 
from left to right, a wider area (scale bar = 1000 nm) and an enlargement of the previous image (scale 
bar = 100 nm) 
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Figure 9.23. TEM images of AuNPs synthetized in accordance with LaSiS protocol (scale bar = 20 
nm) 
 
                         
 
Figure 9.24. PBI2+@Ru4POM nanoaggregates formed at pH 5.2. From left to right, AFM picture at 
different resolution and height profile of a portion of the scanned surface 
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Figure 9.25. PBI2+@Ru4POM nanoaggregates formed at pH 7.0. From left to right, AFM picture at 
different resolution and height profile of a portion of the scanned surface 
 
 
Figure 9.26. A) representative AFM image of PDI-2@HiPco. B) and C), corresponding height 
profiles. Diameter distribution: mean diameter 2.08  0.55 nm. 
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4.5 Cyclic Voltammetry data  
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Figure 9.27. Cyclic Voltammetry of 1, in ACN/0.1 M TBAPF6 at Glassy Carbon working electrode 
(SCE as reference and Pt bead as counter electrodes). The arrows indicate the main redox waves in 
agreement with calculated and spectroscopic energy levels 
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Figure 9.28. Cyclic voltammetry spectrum of 2F-PBI2+ (red line) versus the PBS buffer (black line) 
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Figure 9.29. Cyclic voltammetry spectrum of 4Cl-PBI2 (red line) versus the PBS buffer (black line) 
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Figure 9.30. Cyclic voltammetry spectrum of 2Br-PBI2+ (red line) versus the PBS buffer (black line) 
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Figure 9.31. Cyclic voltammetry spectrum of 4Br-PBI2+ (red line) versus the PBS buffer (black line) 
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4.6 Computational models & data 
 
     
Figure 9.32. From left to right, cartoon of the PBI2+@(8,3) chirality SWCNT and 2Br-PBI2+@(7,5) 
chirality SWCNT models 
 
 HOMO-1 
(eV) 
HOMO     
(eV) 
LUMO     
(eV) 
LUMO+1 
(eV) 
HOMO/LUMO  
ΔE (eV) 
PBI2+ -11,29 -9,89 -7,85 -6,29 2,04 
2F-PBI2+ -11,57 -10,26 -8,21 -6,82 2,06 
4Cl-PBI2+ -11,09 -10,32 -8,28 -7,06 2,04 
2Br-PBI2+ -11,18 -10,19 -8,20 -6,84 1,99 
4Br-PBI2+ -10,79 -10,25 -8,27 -7,05 1,98 
 
Table 9.1. Energy values of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals and 
HOMO/LUMO gap for the tested perylene bisimides models. 
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 HOMO-1 HOMO LUMO LUMO+1 
 
PBI2+ 
 
    
 
2F-PBI2+ 
 
    
 
2Br-PBI2+ 
    
 
4Cl-PBI2+ 
 
    
 
4Br-PBI2+ 
    
 
Table 9.2. Graphic representation of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals for the 
tested perylene bisimides models. 
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Figure 9.33. Simulated UV-Vis spectrum for PBI2+; predicted λmax = 526 nm 
 
 
Figure 9.34. Simulated UV-Vis spectrum for 2F-PBI2+; predicted λmax = 520 nm 
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Figure 9.35. Simulated UV-Vis spectrum for 2Br-PBI2+; predicted λmax = 559 nm 
 
 
Figure 9.36. Simulated UV-Vis spectrum for 4Cl-PBI2+; predicted λmax = 550 nm 
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Figure 9.37. Simulated UV-Vis spectrum for 4Br-PBI2+; predicted λmax = 572 nm 
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Figure 9.38. Simulated Raman spectrum for PBI2+; the most important features are localized at: 1790, 
1654, 1630, 1502, 1447, 1436, 1422, 1345, 1326 cm-1 
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Figure 9.39. Simulated Raman spectrum for 2F-PBI2+; the most important features are localized at: 
1792, 1662, 1619, 1507, 1492, 1420, 1300 cm-1 
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Figure 9.40. Simulated Raman spectrum for 2Br-PBI2+; the most important features are localized at: 
1792, 1651, 1611, 1503, 1422, 1391, 1294 cm-1 
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Figure 9.41. Simulated Raman spectrum for 4Cl-PBI2+; the most important features are localized at: 
1795, 1652, 1590, 1495, 1400 cm-1 
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Figure 9.42. Simulated Raman spectrum for 4Br-PBI2+; the most important features are localized at: 
1794, 1647, 1590, 1495, 1408 cm-1 
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4.7 Miscellanea 
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Figure 9.43. Conductimetric titration of Ru4POM (5 × 10-5 M) with PBI2+ in a hydrochloric aqueous medium 
(pH 5.2) at r.t. 
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Figure 9.44. Conductimetric titration of Ru4POM (5 × 10-5 M) with PBI2+ in a hydrochloric aqueous medium 
(pH 7.0) at r.t. 
 
 r (nm) shape 1-RSS MaxSPA (m2) ε (cm-1*M-1) conc. (M) 
AuNPs  9.9 spheres (90 %) 0.49 x 10-3 3.37 x 10-16 6.55 x 108 1.38 x10-9 
 
Table 9.3. Characterization data for the AuNPs batch used for the measurement 
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Figure 9.44. ζ-Potential distribution graphs for PBI2+@HiPco SWCNTs (values in the main text are 
the average of the three measurements here shown) 
 
 
Figure 9.45. ζ-Potential distribution graphs for 2Br-PBI2+@HiPco SWCNTs (values in the main text 
are the average of the three measurements here shown) 
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Table 9.4. Photophysical data from emission quenching on SC substrates in aqueous 0.1 M NaClO4 
at pH 3 
 Substrate 
Data ACN solution ZrO2 SnO2 WO3 
τ(1) (ns) 4.2  / / / 
A1
(2) 1924 507 724 540 
A2
(2) / 700 570 210 
τ1 (ns)  / 9.4 1.6 0.5 
τ2 (ns) / 2.9 5.8 1.8 
τAW (ns) / 5.6 3.5 0.9 
τIW (ns) / 7.4 4.7 1.2 
kinj
(AW) (×109 s-1)(3) / / 0.1 0.9 
kinj
(IW) (×109 s-1)(3) / / 0.08 0.7 
 
AW: Amplitude Weighted average lifetime. IW: Intensity Weighted average lifetime.  
(1) Monoexponential decay.  
(2) Amplitudes of the biexponential fitting function )exp()exp(
2
2
1
1

t
A
t
Ay  .  
(3) Rate constant calculated according to 
2
11
ZrOSC
injk

 , where SC is either WO3 or SnO2. 
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